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ABSTRACT OF THE DISSERTATION

Tracing the Formation and Evolution of Massive Elliptical Galaxies

by

Roozbeh Davari

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, December 2015
Dr. Gabriela Canalizo, Chairperson

Massive galaxies at higher redshift, z > 2, show different characteristics than their local coun-
terparts. They are compact and most likely have a disk. Understanding the evolutionary path of
these massive galaxies can give us some clues on how the universe has been behaving in the last
10 billion years. How well can we measure the bulge and disk properties of these systems? We
perform two sets of comprehensive simulations in order to systematically quantify the effects
of non-homology in structures and the methods employed.

For the first set of simulations, by accurately capturing the detailed substructures of nearby
elliptical galaxies and then rescaling their sizes and signal-to-noise to mimic galaxies at different
redshifts, we confirm that the massive quiescent galaxies at z ~ 2 are significantly more compact
intrinsically than their local counterparts. Their observed compactness is not a result of missing
faint outer light due to systematic errors in modeling.

For the second set of simulations, we employ empirical scaling relations to produce realistic-
looking two-component local galaxies with a uniform and wide range of bulge-to-total ratios
(B/T), and then rescale them to mimic the signal-to-noise ratios and sizes of observed galaxies
at z ~ 2. This provides the first set of simulations for which we can examine the robustness

of two-component decomposition of compact disk galaxies at different B/T. We can measure

iv



B/T accurately without imposing any constraints on the light profile shape of the bulge, but,
due to the small angular sizes of bulges at high redshift, their detailed properties can only be
recovered for galaxies with B/T > 0.2. The disk component, by contrast, can be measured with
little difficulty.

Next, we trace back the evolution of local massive galaxies but performing detailed morpho-
logical analysis: namely, single Sérsic fitting and bulge+disk decomposition. CANDELS images
and catalogues offer an ideal dataset for this study. We analyze about 250 massive galaxies
selected from all available CANDELS fields (COSMOS, UDS, EGS, GOODS-South and GOODS-
North). We confirm that both star-forming and quiescent galaxies have increased their sizes
significantly between 0 < z < 2.5. The Sérsic index of quiescent galaxies have increased over
time (from n ~ 2.5 to n > 4) while for star-forming galaxies, it stays almost the intact (n ~
2.5). The quiescent galaxie have become rounder. The bulge+disk decompositions reveal that
massive galaxies at higher redshift are more disk dominated and by z ~ 0.5, massive quiescent
galaxies begin to resemble local elliptical galaxies. Star-forming galaxies have lower B/T at
each redshift bin and their fraction decreases at lower redshifts. Bulges of star-forming and
quiescent galaxies follow different evolutionary trajectories, while their disks evolve similarly. I
show that major mergers, along with minor mergers, have played a crucial role in the significant

size increase of high-z galaxies and the destruction of their massive and large-scale disks.
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Chapter 1

Introduction

Galaxy morphology has always been an important observable for understanding the formation
and evolution of galaxies. Recent imaging studies using the Hubble Space Telescope (HST) /Wide
Field Camera 3 (WFC3) and Advanced Camera for Surveys (ACS) have broadened our under-
standing of the formation and evolution of galaxies. The advent of WFC3 has given access to
the rest-frame optical light of galaxies at z &~ 2. Morphological studies of these galaxies show
that quiescent systems make up a high fraction of the massive galaxy population at z ~ 2.
Their structural evolution has been the subject of considerable interest, focusing in particular
on their extremely compact nature compared to low-z galaxies of similar mass. The sizes of
these “red nuggets,” less than ~ 1 kpc, seem comparable to and sometimes even smaller than
the point-spread function (PSF). The early formation and subsequent size growth of these mas-
sive, compact objects present a challenge to current models of galaxy formation and evolution.
It is not clear via what pathways they become the massive galaxies of today. The rarity of these
massive, compact galaxies at low redshift implies considerable size evolution between z = 2
and z = 0. On average, from z ~ 2, these objects would have to increase their size by 3-5 times
while doubling their stellar mass. However, efforts to accurately quantify this evolution are
hindered by potential uncertainties in measurement techniques: the mass densities may simply
be systematically overestimated due to modeling uncertainties of photometric masses, and/or

the sizes may be underestimated due to a lack of imaging depth or other measurement issues.



In addition to the basic question of how these high-z galaxies evolve in size, there is also
still much debate about how these systems evolve in terms of their fundamental morphological
type. Number of studies have revealed the presence of the disk in these high redshift massive
galaxies. This may come as a surprise as at the local universe, almost all the massive galaxies
are ellipticals. But considering the fact that at the early universe the gas content of the galaxies
were higher and therefore gas rich mergers were more common, it is plausible to observe
rotationally supported massive galaxies at those redshift. Therefore, besides the observational
evidence, tracing back the formation history of local massive ellipticals can give us a clue on
why the red, massive, compact galaxies, the so-called “red nuggets”, at z ~ 2 may commonly
have a disk component.

Many factors complicate the image analysis of galaxies, including determination of the sky
background, the brightness of the galaxy [signal-to-noise ratio (S/N)], the resolution of the
images, (1 + z)* surface brightness dimming, finding the best PSE the method employed for
modeling the galaxy, and the potential biases of the fitting pipeline. Galaxy simulations are
invaluable tools for understanding the performance of quantitative fitting pipelines because
they provide control over the aforementioned factors.

We devise simulations with increasing realism to systematically disentangle effects due to
the technique (specifically using GALFIT) and the intrinsic structures of the galaxies. We aim
at answering the following key questions:

1) Do the quiescent massive galaxies at z = 2 have sizes comparable with the quiescent
massive local galaxies and therefore their observed compactness is not intrinsic but an artifact
of inappropriate and insufficient morphological modeling?

2) How well can single-component fitting of bulge+disk galaxies measure the global size
and total luminosity of these galaxies?

3) What are the true uncertainties of the size and total luminosity measurements, using
single Sérsic fitting, at different S/N levels due to structural complexities?

4) Can we recover the properties of both the bulge and disk components, and if so, how

well?



5) What are the best methods for measuring the B/T of composite galaxies? And what are
the potential biases of different bulge-disk fitting methods?

We do so by performing three types of detailed simulations. Model galaxies with a single
Sérsic component with parameter ranges that cover the HST/WFC3 observations of the red
nuggets are the first set of simulations we perform. These idealized simulations can determine
the robustness of fitting pipelines at different noise levels. Therefore, the uncertainties and
systematic errors measured from these simulated galaxies can be considered as lower limits.
More informative analysis is done by simulating multi-component galaxies with the properties
obtained from Huang et al. 2013. By artificially scaling modern-day galaxies to sizes and lumi-
nosities comparable to those found in galaxies at z &~ 2, we can fit them with single-component
Sérsic models to understand the systematics caused by complexities in galaxy structures. The
differences between the input and output parameters shed light on possible uncertainties and
biases in size and total luminosity measurements of the high-z galaxies. Finally, we simulate
two-component model galaxies in order to systematically quantify the effects of non-homology
in structures and the methods employed. We employ empirical scaling relations to produce
realistic-looking local galaxies with a uniform and wide range of bulge-to-total ratios (B/T),
and then rescale them to mimic the signal-to-noise ratios and sizes of observed galaxies at z
A 2. This provides the first set of simulations for which we can examine the robustness of
two-component decomposition of compact disk galaxies at different B/T.

Now the question remains: how have these red, compact, massive, and most likely disk-
dominated galaxies at z ~ 2 have turn into local ginats like M87? We aim at tracing this
morphological transition and fill in the blank. We do so by reliable 2D modeling of the light dis-
tributions of massive galaxies between 0.5 < z < 2.5. Besides performing simple single Sérsic
fitting, bulge+disk decomposition of these massive galaxies is executed, when possible. Exam-
ining the bulge and disk properties, plus the luminosity bulge-to-total ratio (B/T), provides key
indicators that can be missed out by by studying a bulge+disk galaxy as a single system.

The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS), one of

the largest project in the history of Hubble, have provided an unprecedented chance of this



type of morphological evolution studies. We take advantage of all wide and deep images taken
in the infamous five widely separated fields; GOODS-South & GOODS-North, UDS, COSMOS,
and EGS. This yields a statistically uniform and robust sample which furthermore mitigates the
cosmic variance.

Using these measurement address three key questions:

1) How does the size and the shape of light distribution (Sérsic index) of star-forming and
quiescent massive galaxies evolve?

2) Do the high redshift massive galaxies have a disk component? If yes, how significant is
their B/T evolution in the last 10 billion years?

3) What can we learned from the evolution of bulges and disks about the evolutionary
passage of massive galaxies?

Our findings show that the massive galaxies were compact and indeed more disk-dominated
at higher redshifts and became more bulge-dominated over time. Their local counterparts,
massive elliptical galaxies, don’t have a large-scale disk. Therefore, major mergers, besides the
minor mergers, have played an important role in the significant size increase of high-z galaxies

and the destruction of their massive and large-scale disks.



Chapter 2

How Robust Are the Size
Measurements of High-redshift

Compact Galaxies?

Abstract

Massive quiescent galaxies at z ~ 2 are apparently much more compact than galaxies of com-
parable mass today. How robust are these size measurements? We perform comprehensive
simulations to determine possible biases and uncertainties in fitting single-component light dis-
tributions to real galaxies. In particular, we examine the robustness of the measurements of
the luminosity, size, and other structural parameters. We devise simulations with increasing
realism to systematically disentangle effects due to the technique (specifically using GALFIT)
and the intrinsic structures of the galaxies. By accurately capturing the detailed substructures
of nearby elliptical galaxies and then rescaling their sizes and signal-to-noise to mimic galaxies
at different redshifts, we confirm that the massive quiescent galaxies at z ~ 2 are significantly
more compact intrinsically than their local counterparts. Their observed compactness is not a
result of missing faint outer light due to systematic errors in modeling. In fact, we find that

fitting multi-component galaxies with a single Sérsic profile, the procedure most commonly



adopted in the literature, biases the inferred sizes higher by up to 10%-20%, which accentu-
ates the amount of size evolution required. If the sky estimation has been done robustly and
the model for the point-spread function is fairly accurate, GALFIT can retrieve the properties of
single-component galaxies over a wide range of signal-to-noise ratios without introducing any

systernatic €Irors.

2.1 Introduction

Galaxy morphology has always been an important observable for understanding the formation
and evolution of galaxies. Recent imaging studies using the Hubble Space Telescope (HST) /Wide
Field Camera 3 (WFC3) and Advanced Camera for Surveys (ACS) have broadened our under-
standing of the formation and evolution of galaxies. The advent of WFC3 has given access to
the rest-frame optical light of galaxies at z ~ 2. Morphological studies of these galaxies show
that quiescent systems make up a considerable fraction of the massive galaxy population at
z ~ 2 (e.g., Franx et al. 2003; Daddi et al. 2005; Kriek et al. 2006). Their structural evolution
has been the subject of considerable interest, focusing in particular on their extremely compact
nature compared to low-redshift galaxies of similar mass (e.g., Daddi et al. 2005; Toft et al.
2007; Trujillo et al. 2007; Buitrago et al. 2008; Cimatti et al. 2008; Franx et al. 2008; van der
Wel et al. 2008; van Dokkum et al. 2008; Damjanov et al. 2009; Hopkins et al. 2009; Cassata
et al. 2010, 2011; Mancini et al. 2010; Newman et al. 2012; Szomoru et al. 2012). The sizes of
these “red nuggets,” less than ~ 1 kpc, seem comparable to and sometimes even smaller than
the point-spread function (PSF). The early formation and subsequent size growth of these mas-
sive, compact objects present a challenge to current models of galaxy formation and evolution
(e.g., Wuyts et al. 2010; Oser et al. 2012). It is not clear via what pathways they become the
massive galaxies of today. The rarity of these massive, compact galaxies at low redshift implies
considerable size evolution between z = 2 and z = 0 (van Dokkum et al. 2008; Trujillo et al.
2009; Taylor et al. 2010; but see Saracco et al. 2010; Valentinuzzi et al. 2010; Poggianti et al.

2013). On average, from z ~ 2, these objects would have to increase their size by 3—4 times



while doubling their stellar mass (van Dokkum & Brammer 2010; see also Ichikawa et al. 2012).
However, efforts to accurately quantify this evolution are hindered by potential uncertainties in
measurement techniques: the mass densities may simply be systematically overestimated due
to modeling uncertainties of photometric masses, and/or the sizes may be underestimated due
to a lack of imaging depth or other measurement issues (Hopkins et al. 2009; Muzzin et al.
2009).

In addition to the basic question of how these high-z galaxies evolve in size, there is also
still much debate about how these systems evolve in terms of their fundamental morphological
type. By performing GALFIT fitting on a sample of 14 compact, massive galaxies at z = 2, van
der Wel et al. (2011) find that a significant subset of their sample appears highly flattened in
projection, which, considering viewing angle statistics, implies those galaxies have pronounced
disks. They claim that 65%=+15% of the population of massive quiescent at z > 2 galaxies
are disk-dominated. Bruce et al. (2012) find that a considerable fraction (25%=+6% using a
definition of bulge-to-total ratio B/T < 0.5 and 40%=+7% using a definition of n < 2.5 for disk-
dominated) of the most quiescent galaxies, with specific star formation rates < 10719 yr=1,
have disk-dominated morphologies, including a small number of essentially pure disk galaxies
(with B/T < 0.1). They claim that these passive disks appear to be normal disks in the sense
that they show an axial-ratio distribution comparable to that displayed by present-day disks.
This implies that while the massive galaxy population is undergoing dramatic changes at this
crucial epoch, the physical mechanisms that quench star formation activity are not obviously
connected to those responsible for transforming the morphologies of massive z ~ 2 galaxies
into present-day giant ellipticals.

A recent morphological study of nearby elliptical galaxies has opened a new window to un-
derstanding the formation and assembly of early-type galaxies. Huang et al. (2013a, hereafter
H13) present a detailed, comprehensive structural analysis of about 100 representative, nearby
elliptical galaxies spanning a range of environments and stellar masses (M, ~ 1002 — 10124
Mg). They use GALFIT 3.0 (Peng et al. 2002, 2010) to perform two-dimensional, multi-

component decomposition of relatively deep, moderately high-resolution V-band images ac-



quired as a part of the Carnegie-Irvine Galaxy Survey' (CGS; Ho et al. 2011). H13 challenge the
conventional notion that the main body of giant ellipticals follows a single structure described
by a high Sérsic (1968) index (e.g., n > 3 —4). They propose that the global light distribution
of the majority (>75%) of ellipticals are best described by three Sérsic components: a compact,
inner core with typical effective radius R, < 1 kpc and luminosity fraction f ~ 0.1 —0.15; an
intermediate-scale, middle component with R, ~ 2.5 kpc and f ~ 0.2 — 0.25; and an extended,
outer envelope with R, ~ 10 kpc and f ~ 0.6. The subcomponents have relatively low Sérsic
indices, in the range n ~ 1 — 2. They also find that the ellipticity of the isophotes systemati-
cally increases toward large radii. They believe that the combination of their model’s inner and
middle components for high-luminosity ellipticals resembles the compact, massive galaxies at
high-z (Huang et al. 2013).

Despite there being codes that can automate the measurement of galaxy properties (e.g.,
Simard et al. 2002, 2011; Barden et al. 2012), there are still many disagreements over the
analysis techniques, because they are often viewed as being too simple, and what the measure-
ments mean. Even stepping up the sophistication, however, makes interpretation non-trivial
unless one has physical motivations for doing so (H13). These disagreements inspire other
techniques (Conselice 1997; Lotz et al. 2004) to measure galaxies non-parametrically, although
each one has its own benefits and shortcomings. In addition to galaxy shapes being difficult to
quantify, many other factors complicate the image analysis of galaxies, including determination
of the sky background, the brightness of the galaxy [signal-to-noise ratio (S/N)], the resolution
of the images, (1 +2)* surface brightness dimming, finding the best PSE, the method employed
for modeling the galaxy, and the potential biases of the fitting pipeline. Galaxy simulations
are invaluable tools for understanding the performance of quantitative fitting pipelines because
they provide control over the aforementioned factors (e.g., Trujillo et al. 2007; Cimatti et al.
2008; Mancini et al. 2010; Szomoru et al. 2010, 2012; van Dokkum & Brammer 2010; Williams
et al. 2010; Papovich et al. 2012; and van der Wel et al. 2012 for high-z galaxies and Héussler

et al. 2007 and Meert et al. 2013 for low-z galaxies).

'http://cgs.obs.carnegiescience.edu/CGS/Home.html



By taking advantage of existing observations, detailed analysis, and the multi-component
picture of the local elliptical galaxies from H13, we address two key questions:

1) Do the quiescent massive galaxies at z = 2 have sizes comparable with the quiescent
massive local galaxies and therefore their observed compactness is not intrinsic but an artifact
of inappropriate and insufficient morphological modeling?

2) What are the true uncertainties of the size and total luminosity measurements at different
S/N levels due to structural complexities?

Two sets of simulations are performed to address these questions. Model galaxies with
a single Sérsic component with parameter ranges that cover the HST/WFC3 observations of
the red nuggets are the first set of simulations we perform. These idealized simulations can
determine the robustness of fitting pipelines at different noise levels (Haussler et al. 2007).
Therefore, the uncertainties and systematic errors measured from these simulated galaxies can
be considered as lower limits. More informative analysis is done by simulating multi-component
galaxies with the properties obtained from H13. By artificially scaling modern-day galaxies to
sizes and luminosities comparable to those found in galaxies at z ~ 2, we can fit them with
single-component Sérsic models to understand the systematics caused by complexities in galaxy
structures. The differences between the input and output parameters shed light on possible
uncertainties and biases in size and total luminosity measurements of the high-z galaxies.

This paper is organized as follows. Section 2 gives the details of the galaxy simulations
used throughout this study. In Section 3, we present the main results of our GALFIT models.
In Section 4, we compare our results with similar studies in the literature. Implications for red
nuggets are discussed in Section 5, ending with a summary in Section 6.

All the results assume a standard cosmology (H, = 71 km~'s™!Mpc™!, Q,, = 0.27, and O,

= 0.73) and AB magnitudes.



2.2 Simulations

Simulations can determine the robustness of fitting pipelines like GALFIT2. In this section, we
describe the different sets of simulations in detail.

Two sets of objects are simulated in order to address different issues. The first, using a
single-component Sérsic profile, is to establish the baseline capability due only to S/N, under
the most idealized situations, and in the absence of any complexities. This sets the fundamental
limits of the technique. The second set of simulations, by rescaling models of nearby elliptical
galaxies and all their sub-components to comparable sizes and S/N found at high z and fitting
them using a single-component Sérsic model, directly tests the null hypothesis that early-type
galaxies have not evolved in size since z ~ 2. We use Ned Wright’s cosmology calculator® to

compute redshift-dependent quantities.

2.2.1 Method

We use GALFIT 3.0 for the simulations. GALFIT is an image analysis algorithm that can model
profiles of galaxies, stars, and other astronomical objects in digital images. If successful, the
features of interest are summarized into a small set of numbers, such as size, luminosity, profile
central concentration, and geometrical parameters. GALFIT uses several common functions in
the astronomical literature, including: exponential, Sérsic/de Vaucouleurs, Nuker, Gaussian,
King, and Moffat. Out of all the functions, we exploit only the Sérsic (1968) profile and the
sky background component. The sky component fits the background with a plane with a con-
stant slope and therefore can correct for any non-flatness to first order. The Sérsic component

describes the radial surface brightness profile of a galaxy as

R 1/n
Y(R) =1, exp{—K [(R_) — 1:| }, (2.1)

2http://users.obs.carnegiescience.edu/peng/work/galfit/galfit.html
®http://www.astro.ucla.edu/~wright/CosmoCalc.html
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where R, is the effective radius of the galaxy (equivalent to sy, the half-light radius), X, is
the surface brightness at R,, the Sérsic index n describes the profile shape, and the parameter
K is closely connected to n (Ciotti 1991). Together with position (x and y), axis ratio b/a,
and position angle, this profile has seven free parameters. The Sérsic profile represents a more
general form of the exponential light profile seen in galactic disks (n = 1; Freeman 1970)
and the R/#-law (de Vaucouleurs law; de Vaucouleurs 1948) typical of luminous early-type
galaxies (n = 4). Modeling with this profile has been explored in detail in several works (e.g.,
Simard & Pritchet 1998; Simard et al. 2002; Graham et al. 2005). Many authors have used a
constant value of n = 2.0 or 2.5 to crudely distinguish early-type (bulge-dominated) from late-
type (disk-dominated) galaxies (e.g., Blanton et al. 2003; Shen et al. 2003; Bell et al. 2004;
Hogg et al. 2004; Ravindranath et al. 2004; Barden et al. 2005; McIntosh et al. 2005; Fisher &
Drory 2008). Sérsic profiles with higher Sérsic indices have longer tails that make the analysis
of these galaxies more challenging due to greater sensitivity to neighboring objects, to profile
mismatch, and to accurate knowledge of the sky background (see Figure 3 of Peng et al. 2010).
We will compare our results for different ranges of Sérsic indices.

Sky background and noise are added to all the images in two different ways: (1) adding an
artificial background level with Poisson noise using IRAF /mknoise? (Tody 1986, 1993); (2)
putting the simulated galaxy on an actually observed background. Although the main focus of
this study is galaxies at z = 2, our simulations are more generally applicable. The simulations
explore a range of fundamental measurables, i.e. sizes, Sérsic indices, axis ratio, and S/N.
As the simulations extend down to instrumental limits, they apply to galaxies at any redshifts
provided that one first converts apparent magnitude into S/N. As illustration, we compare
galaxies at z = 0.5, 1.5, and 2, to our simulations. The simulated observed backgrounds are
taken from CANDELS® (Grogin et al. 2011; Koekemoer et al. 2011) UDS (UKIDSS Ultra-Deep
Survey; Lawrence et al. 2007) Igq4, J125, and Hyeq mosaic images, respectively (Figure 2.1).

Therefore, when local galaxies are rescaled to specifically match in size and S/N of observed

4 IRAF is distributed by the National Optical Astronomy Observatories, which are operated by the Association of
Universities for Research in Astronomy, Inc., under cooperative agreement with the National Science Foundation.
>http://candels.ucolick.org/
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galaxies in those filters, K-correction is not required. The simulated backgrounds resemble
the observed backgrounds as they have identical gain, pixel scale, and magnitude zero point
(magzpt) as in the UDS mosaic images. Furthermore, the background root-mean-square (RMS;
the standard deviation from the median sky value) of the simulated and observed backgrounds
are comparable.

All artificially generated galaxies are convolved with a CANDELS UDS hybrid PSF (van der
Wel et al. 2012) of the filter that corresponds to the redshift of interest. An important factor in
obtaining a best-fit model is the accuracy of the PSE The effective radii of the red nuggets are
comparable to and in some cases smaller than the PSF full-width at half maximum (FWHM).
Therefore, one may expect some offset in GALFIT measurements when an inaccurate PSF is
used. This issue is studied in the Appendix, where we show that the effects of using slightly
different PSFs are not more than 5% on the final model.

One of the most important factors in morphology analysis is S/N. There are several ways
to define S/N because galaxies are extended. One way, which is somewhat analogous to total

S/N, is given by

f galaxy
V f galaxy + Ac?

where three different parameters determine the S/N: the area A of the aperture in which the

S/N = (2.2)

S/N is measured, the galaxy total flux fg,1,x, within A, and the background RMS o. The RMS
here is the sum of all possible sources of noise, including shot noise from the sky, readout noise,
and shot noise in dark current. In this paper, A includes every pixel within R,. Note that this is
different from measuring S/N within an aperture with a constant size because the aperture size
here is different for each galaxy. Equation 3.5, however, may not be the most informative. For
various technical reasons, it is harder to measure structural properties of low-surface brightness
galaxies. Thus, another useful definition is analogous to an average surface brightness, defined
as (S/N) = —SIN_ Here, the ellipticity e = 1 — b/a. Figure 2.2 shows a set of galaxies and

v/ TR, 2(1—e)

the corresponding S/N definitions.
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Figure 2.1: Sky backgrounds drawn from CANDELS UDS mosaic images in Igi4, J125, and
H¢o. The simulated galaxies are put at random positions on these backgrounds. The regions
are 1021 x 1021 pixels (i.e., ~30”in Ig;4 and ~60"in J;,5 and Hgg), which is the size of the
HST/ACS and HST/WFC3 CCDs. The middle panels show the bad pixel mask images of each
sky background; the bottom panels are the backgrounds after removing the undesired objects.
In the bottom panels, the masked pixels are replaced by randomly chosen background pixels.
The bad pixel masks are used for GALFIT modeling.
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<S/N> ~ 50

Figure 2.2: Simulated multi-component galaxies at four different redshifts and three averaged
signal-to-noise ratios ((S/N)). The model is based on the best-fit model for NGC 1379 from
H13. The simulated galaxy at z = 2.0 (right columns) has R, = 6 pixels and e = 0 and therefore
this galaxy is shown at S/N ~ 5, 50, and 500.
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By adding galaxies to an observed background, one can study the effect of faint undetected
objects or being in the vicinity of bright and/or extended objects. One way to minimize the
effects of neighboring objects is to mask them out. We accomplish this by running SExtractor®
(Bertin & Arnouts 1996) with the parameter Detection_threshold set to 1.5. Instead of using the
SExtractor segmentation map, the location (XPEAK_IMAGE, YPEAK_IMAGE), ellipticity, posi-
tion angle, and the area of the objects from the SExtractor output catalog are used to create
a bad pixel mask image. First, the semi-major axis of each galaxy is calculated by using the
measured area and ellipticity of the object. Bad pixel regions are constructed by assigning the
center, the semi-major axis, the semi-minor axis, and the position angle of each object. We dou-
ble the calculated semi-major and semi-minor axes (i.e., quadruple the area) in order to mask
out most of the faint outer parts of the objects. Figure 2.1 shows the observed backgrounds and
bad pixel masks. These masks are used for GALFIT modeling. While masking does not fully
eliminate the possibility of neighboring contamination (see Haussler et al. 2007), this method
is analogous to that of some studies in the literature and is thus informative. Together with
analysis on idealized backgrounds, these two scenarios give an idea of the different levels of

systematics.

2.2.2 Single-component Galaxies

Simulating single-component galaxies is one of the most basic, yet important ways of testing
the robustness of fitting pipelines (Haussler et al. 2007). We simulate more than 10,000 single-
component galaxies. The Sérsic component parameters are randomly chosen from the following
ranges: 0.8 < R, < 35 pixels (~0.05-2.0"in WFC3/H;4,), 0.5 <n < 5, and 0 < e < 0.8. For
one HST orbit, a S/N range between 1 and 1000 within the effective radius of the simulated
galaxies roughly corresponds to a magnitude range of 20 < my < 27.

Once the galaxies are simulated, we fit each with a single Sérsic component plus a sky

component. For the galaxy component, the initial parameter guesses include the position of

®http://www.astromatic.net/software/sextractor

15



the galaxy (physical x and y), Sérsic index, magnitude, effective radius, ellipticity, and position

angle.

2.2.3 Multi-component Galaxies

Real galaxies have structures that complicate the analysis. Several recent studies looked into
this issue by creating bulge + disk models, and then fitting single-component Sérsic models to
them (Meert et al. 2013; Mosleh et al. 2013). The question was whether the disk components
were missed by the analysis technique, therefore leading to underestimation of the sizes. They
found that single-component models were able to recover the magnitude and sizes, with only
small systematic errors (0%-20%), and that the multi-component analysis performed better.

While those studies are informative in their own right, there is another complementary ap-
proach. Our simulations are designed to more directly test the null hypothesis that elliptical
galaxies today are the direct descendants of z ~ 2 galaxies that have undergone no morpho-
logical changes in structure or size. To do so, we start with 100 nearby elliptical galaxies with
multi-component decomposition models from H13 that capture the detailed structures down to
very low surface brightnesses, accounting for the PSE We then rescaled the composite (sum of
the multiple components) as a single unit to span a range of sizes and signal-to-noise similar
to galaxies at z ~ 2. We convolve the composite model with a PSF and then perform single-
component Sérsic fits to it. The rationale for this approach is to be agnostic about the structural
nature of high-z systems (e.g., whether they are disks or bulges) because that judgment may
itself be entangled with the technique as well as other more subtle technical nuances.

We rescale the sizes and luminosities of the H13 multi-component models to generate about
300 multi-component galaxies with R, &~ 1 — 70 pixels and S/N from a few to 1000. This range
is relevant for studying massive early type galaxies down to the resolution and S/N limits of
HST observations, regardless of redshift. Images of galaxies analogous to being at z = 0.5, 1.5,
and 2.0 are simulated based on the S/N properties of Ig14, J125 , and H;eo (equivalent to the

rest-frame optical) CANDELS UDS images, respectively.
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As in the single-component simulations, we add either a simulated background or an ob-
served background. By using 300 multi-component galaxies as templates, more than 6000
galaxies with 5 < S/N < 1000 (uniformly distributed in logarithmic space) are simulated.

We analyze the multi-component galaxies in a manner similar to that used to treat the
single-component galaxies. To replicate the most commonly adopted analysis method, we fit
every galaxy with a single Sérsic and sky component. However, because of the mixture of
different components, another method is needed to determine the intrinsic size and other pa-
rameters of the galaxy. To establish the baseline for comparison of sizes and other parameters,
we employ IRAF/ellipse (Jedrzejewski 1987), a task that fits elliptical isophotes to images,
to create a curve of growth (CoG) of the cumulative radial flux distribution of the model galaxy.
This is generated with an ellipticity and position angle fixed to the radially average value. No
noise is added, and PSF convolution is not applied. As the total flux of the galaxy is known, the
CoG allows us to obtain a non-parametric estimate of the effective radius, the radius at which
half of the total flux is enclosed.

To examine the robustness of our CoG analysis, we employ this method to measure the
sizes of 1250 single-component galaxies with a large range of sizes (1-500 pixels). Figure 2.3
shows that there is no bias in size measurements for the larger galaxies but the finite size of
the pixels makes size determination of the smallest galaxies slightly uncertain. Sizes with 1
< R, < 2 pixels can be overestimated by 5% and with 10% uncertainty. For galaxies with 2
< R, < 5 pixels, the sizes can be measured without any bias and with 5% uncertainty. And
for larger galaxies the uncertainties are less than 1% with no bias. We take these effects into
consideration when analyzing the multi-component galaxies. However, fewer than 2% of the
simulated galaxies have R, < 3 pixels.

Lastly, we note that because the CoG technique averages over all elliptical annuli to measure
the effective radius, the comparison between CoG and single-component Sérsic fits in principle
is imperfect for multi-component galaxies whose isophotes often change in ellipticity with ra-
dius. Nevertheless, the general agreement in the size measurements between the two methods

is reassuring.
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Figure 2.3: Testing the reliability of size measurements using curve of growth (CoG) analysis.
The x-axis shows the effective radius of 1250 single-component galaxies, and the y-axis shows
the difference between the actual size and the size measured by CoG. Black solid and dashed
lines indicate the median and 1o uncertainties. The dot-dash line shows zero offset. The size
of galaxies with 1 < R, < 2 pixels can be overestimated by 5% and with 10% uncertainties.
For galaxies with 2 < R, < 5 pixels, the sizes can be measured without any bias and with 5%
uncertainties. And for larger galaxies the uncertainties are less than 1% with no bias.
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2.3 Results

2.3.1 Single-component Galaxies

Figure 2.4 and Table 1 summarize the results of single-component galaxies with a simulated
background; these are the most idealized simulations to establish the baseline behavior of the
analysis technique for the S/N range of interest. Black solid and dashed lines in the scatter
plots indicate the median and 1o uncertainties of different measurements. Cyan points and
cyan solid lines show the results of galaxies with input n < 2.5, and red points and red dotted
lines are for galaxies with n > 2.5.

To be consistent with the multi-component models later on, where effective radius is more
ambiguous to define, the analyzed effective radii are circularized effective radii, R, circutarized =
R GaLFT X V1-—e.

We see no systematic errors in size, total luminosity, Sérsic index, or ellipticity measure-
ments down to my = 26. And even at 26 < my < 27 the systematic errors are less than ~10%.
As expected, the uncertainties increase rapidly with decreasing S/N and particularly for my >
26. The Sérsic index is most vulnerable to large uncertainties. The simulated images resemble
single-orbit HST/WFC3 H;¢, observations; a galaxy with R, = 5 pixels (i.e., 0.3”or 2.5 kpc at z
= 2), e =0, and my = 26 has S/N ~ 15 within R,.

The uncertainties are, on average, higher for galaxies with larger Sérsic indices but the
systematic offsets are comparable at different n (note that all the simulated single-component
galaxies have n < 5). Most of the galaxies with the largest scatter within a magnitude range
are ones with the largest sizes, as they have lower mean surface brightness compared to the
smaller galaxies.

Figure 2.5 and Table 2 summarize the results of single-component galaxies with an observed
background, derived from real images. The scatter is larger but systematic errors are still absent
down to my ~ 25. One of the main sources of the increased scatter is the presence of bright
and/or extended objects in the actual images of the observed background (Figure 2.1).

It is worth pointing out that masking out objects (using a bad pixel mask for GALFIT fitting)
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Figure 2.4: The results of more than 10,000 single-component model galaxies with a simulated
background. From top to bottom, panels show the offsets between the measured and the
actual effective radius R,, magnitude my (in one HST orbit), Sérsic index n, and ellipticity
e, respectively. Black solid and dashed lines in the scatter plots indicate the median and 1o
uncertainties of different measurements. The dot-dash lines show the zero offset. Cyan points
and cyan solid lines show the results of galaxies with input n < 2.5, and red points and red
dotted lines are for galaxies with n > 2.5. The median offsets are zero down to my ~ 26, but
the scatter rises steeply in the magnitude range between 25 and 26.
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Table 2.1: Single-Component Galaxies with Simulated Background

AR, /R, Amy An/n Ae
my n<2.5 n>2.5 n<2.5 n>2.5 n<2.5 n>2.5 n<2.5 n>2.5
€)) 2 3 @ Q) (6 (7 (8) 9)
+0.01 +0.01 +<0.01 +0.01 +<0.1 +<0.1 +<0.01 +<0.01
20-21 —0.00Zy0;  —0.00Z50 0'007:001 0.00Z 2501 _O'O—EO.I _0'07:0.1 0'007:001 0'007:001
+0.01 +0.01 +0.01 +0.01 +<0.1 +<0.1 +0.01 +0.01
21-22 —0.00%50; —0.00" 05 0.00725 01 0.0074; —0.0_20'1 —0,0_20‘1 —0.00Z50; 0.00Z547
+0.01 +0.03 +0.01 +0.02 +<0.1 +<0.1 +0.01 +0.01
22-23 —0.00Z5; —0.007 5 0.00%4; 0.007; o7 _0'0—20.1 —0.022)1 0.00%54; 0.00%54;
+0.03 +0.07 +0.02 +0.04 +0.1 +0.1 +0.02 +0.03
23 -24 —0.0015p3 —0.007 7 0.007 05 0.007 05 —0.075; —0.0557 0.007 05 0.00" 05
+0.07 +0.20 +0.05 +0.09 +0.2 +0.2 +0.06 +0.06
24 -25 —0.00Z50; —0.007 ;75 —0.00%502  —0.007,77 —0.0757 0.0%55 0.017 04 0.027 e
+0.19 +0.57 +0.10 +0.19 +0.6 +0.6 +0.13 +0.15
25-26 —0.0175; 0.00Z53; —0.0175,, —0.017;5% —0.173 —0.0Z 5, 0.047 00 0.067515
+0.55 +1.17 +0.24 +0.30 +2.1 +1.5 +0.24 +0.26
26 - 27 —0.027575 —0.087 ;45 —0.027557  0.00757%, —0.1755 -0.17;7 0.167 557 0.1775¢

All the offsets are shown for Sérsic indices smaller and larger than 2.5.

Col. (4-5) The magnitude offset.

Col. (1) Hj4, magnitude.
Col. (2-3) The effective radius offset.

Col. (6-7) The Sérsic index offset.

Col. (8-9) The ellipticity offset.
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Figure 2.5: The results of more than 10,000 single-component model galaxies with an observed
background. From top to bottom, panels show the offsets between the measured and the
actual effective radius R,, magnitude my (in one HST orbit), Sérsic index n, and ellipticity
e, respectively. Black solid and dashed lines in the scatter plots indicate the median and 1o
uncertainties of different measurements. The dot-dash lines show the zero offset. Cyan points
and cyan solid lines show the results of galaxies with input n < 2.5, and red points and red
dotted lines are for galaxies with n > 2.5. The median offsets are zero down to my ~ 25, but
the scatter rises steeply in the magnitude range between 24 and 25.
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Table 2.2: Single-Component Galaxies with Observed Background

AR, /R, Amy An/n Ae

my n<2.5 n>2.5 n<2.5 n>2.5 n<2.5 n>2.5 n<2.5 n>2.5
1) &) €] G 6] ®) ) (® ©
20-21 000738 -000%5%1  000%% 00073 —00*1 -00'%1 000753 000730
21-22  —0.00739)  —0.0015%%  —0.00*531  0.0070:52 -0.07307  —-0.07501 0.007351  0.00739!
22-23  —0.00%00%  —0.01%339 0.0070:%3  0.00%9:04 -0.0101  —0.0%31 0.0073:%2  0.0075:92
23-24  —0.01%008  —0.01%0% 0.0073%¢  0.00512 -0.0%3%  —0.033 0.0173%>  0.01%90¢
24-25 0.01732%  —0.037392  —0.01737%  0.0070% -0.019¢ 0158 0.04%075  0.06%015
25-26  —0.02733% —0.13%232  —0.04703  —0.0010% —-0.1%55  —0.2%8 0.157927  0.20%039
26-27  —0.22738 -0367028  -020733% —0.10705¢ -05%32 04737 0.33703%  0.35%038

All the offsets are shown for Sérsic indices smaller and larger than 2.5.

Col. (1) Hi4, magnitude.
Col. (2-3) The effective radius offset.
Col. (4-5) The magnitude offset.
Col. (6-7) The Sérsic index offset.
Col. (8-9) The ellipticity offset.
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is not the most effective way to mitigate the effects of neighboring objects. Instead, one needs
to fit the target galaxy and its neighboring objects simultaneously (e.g., Haussler et al. 2007;
Barden et al. 2012). The properties (e.g., magnitude, size, and Sérsic index) of the neighboring
objects can affect the fit of the target object. In particular, neighbors with the largest n x R,
have the largest effects.

Another important factor to consider is that we do not provide an input sigma image (i.e.,
noise map) for GALFIT; instead, we allow GALFIT to calculate it. CANDELS images are gen-
erated through an extensive process from raw, single exposures to final, drizzled mosaics. The
noise tends to be correlated after the multidrizzle procedure, which may lead to underesti-
mating the noise in actual data (Fruchter et al. 2009). The sigma image generated by GALFIT
may not include all the necessary information about the image characteristics required for a
faithful noise map. van der Wel et al. (2012) have analyzed the CANDELS UDS H,¢, image
and note that the total flux of objects with my ~ 22 — 23 and the size of typical objects in their
sample (i.e., ~0.3"or ~5 pixels) correspond to the typical background flux level measured
within the effective radius. Although our images with simulated backgrounds have similar
RMS to CANDELS UDS H,¢, image, the galaxy flux and the background flux are comparable at
my ~ 23.5 for images with simulated backgrounds. This can explain some of the discrepancies

between Figure 2.4 and Figure 2.5, even at the bright end.

2.3.2 Multi-component Galaxies

Simulated galaxies with multiple components, where the subcomponents are taken from ac-
curate decompositions of nearby galaxies of H13, provide a better description of the observed
galaxy structures than idealized single-component models. We examine the reliability of mea-
suring the size and total luminosity of multi-component galaxies by single-component fitting.
Figure 2.6 and Tables 3 and 4 show the difference between actual and measured effective
radii at different S/N ranges for about 7,000 model galaxies in images with simulated (i.e. ide-
alized) backgrounds. The upper, middle, and lower panels give the results at different intervals

of size, mean surface brightness, and Sérsic index, respectively. Black solid and dashed lines
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Table 2.3: AR, /R, for Multi-Component Galaxies with Simulated Background

S/N
Subsample  5-10 10-20 20-35 35-70 70-135  135-265 265-515 515-1000
1) (2) (3) (&) (5) (6) () (8) 9) (10)
R, 1-5 —0.2472%%  —0.21%2%%  —0.0670%F —0.01733) 003703 0.047095  0.0470%  0.037598
5-20 0.027324 014733 0178072 0211032 018¥037 0197928 0157322 0.12%0738
20-70  013%2%  0.0975)3 019738 018%0%° 023703 019707 025703 0277935
(W) 16-21 —-0.48739  —0.037322  0.07701¢ 011307
21-24  -0.5373%  —0.2173% 005703 0111037 0171037 0.a8%032 023703 0327028
24-27 004727 009754 019735 0267072 0231033
n 0-25  —055%032 037702 0277322 —0.20752 —0217072 -0.19%072 -0.17%0%5 —0.121520
25-6  —0.12702% -0.0370% 005733 009793 0.a3*017  0.a3*0S 0.a3*07 0.11%00:
6-20 193413 1471198 105702 074739 0607532 0.62105  0.63103%  0.507038

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) Parameter.

Col. (2) The subsamples selected based on different ranges of effective radius (R,), surface bright-
ness ((u)), and Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N. See text in Section 3.2 regarding

the offsets in different Sérsic index.

in the scatter plots indicate the median and 10 uncertainties of different measurements. The

downward-pointing arrows on the top of each subpanel indicate the S/N of a galaxy with R, =

5 pixels, e = 0, and my = 20 or 25 (one orbit). Typical red nugget galaxies in CANDELS have

my ~ 20 — 23.

A notable feature in Figure 2.6 are the results for galaxies with 6 < n < 20. Note that

we do not impose an upper limit on the Sérsic index; n = 20 is an internal upper limit set

by GALFIT. It is clear that the fits with n > 6 are generally unreliable. Sérsic profiles with

n > 4 have long tails. In a regime where the surface brightness of the galaxy is close to

the sky level, the flux in the long tail can be overestimated due to the inherent degeneracy
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Figure 2.6: Results of more than 7,000 multi-component galaxies with simulated backgrounds.
The upper, middle, and lower panels show the results at different intervals of size R, (pixel),
mean surface brightness (u) (my arcsec™2), and Sérsic index n, respectively. Black solid and
dashed lines in the scatter plots indicate the median and 1o uncertainties of different measure-
ments. The dot-dash lines show the zero offset. The downward-pointing arrows in the scatter
plots indicate the S/N of a galaxy with R, = 5 pixels, e = 0, and my = 20 and 25. Note the
significant size and total luminosity overestimations of GALFIT models with n > 6; see text in
Section 3.2 regarding the offsets in different bin internals of Sérsic index.
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Table 2.4: Amy for Multi-Component Galaxies with Simulated Background

S/N
Subsample  5-10 10 - 20 20-35 35-70 70-135  135-265 265-515 515-1000
1) (2) (3) (©D] (5) (6) () (8) 9) (10)
+0.41 +0.22 +0.30 +0.20 +0.31 +0.22 +0.18 +0.07
R, 1-5 —0.04%04 008702 0027330  —0.017329 —0.05733) —0.037522 —0.0170%  —0.027307
+0.56 +0.37 +0.21 +0.13 +0.09 +0.07 +0.07 +0.05
5-20  —0.14%03% -0.13%037 0107321 0117012 —0.107395 —0.107397 —0.097097  —0.08730%
20-70  —0.1179%7  —0.067032 010702 —0.097032 —0.127073  —0.107092  —0.13%015 —0.14730]
+0.16 +0.37 +0.09 +0.06
(u)  16-21 0.26707¢  0.021037  —0.0510%%  —0.0773:5
+0.45 +0.36 +0.25 +0.14 +0.10 +0.07 +0.08 +0.12
21-24 014735 008733  —0.037323 —0.07t01F —0.10701 —0.10%097 —0.13709% —0.1617 2
+0.55 +0.35 +0.24 +0.16 +0.10
24-27  —0.14752 —0.097035  —0.12702%  —0.147035  —0.127019
+0.35 +0.27 +0.25 +0.33 +0.25 +0.32 +0.37 +0.4
n 0-2.5 0407035 0297027 027102 027103 025%0% 0227032 0207337 015759,
+0.41 +0.25 +0.17 +0.11 +0.08 +0.06 +0.06 +0.05
25-6  —0.04%03  —0.01732 —0.037317 —0.067511 —0.087098 —0.081055 —0.087005 —0.071592
+0.41 +0.34 +0.19 +0.15 +0.12 +0.14 +0.17 +0.14
6-20  —0.42%0% -0.45%03% 0357010 —0.287015 —0.257011 —0.2570% —0.2570.7 —0.21701¢

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1)
Col. (2)

Parameter.

The subsamples selected based on different ranges of effective radius (R,), surface bright-
ness ((u)), and Sérsic index (n).

Equally (in logarithmic space) spaced intervals of S/N. See text in Section 3.2 regarding
the offsets in different Sérsic index.

Col. (3-10)
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between a Sérsic profile with large n and any residual background flux. This leads not only to
overestimating the total flux of the galaxy but also its size. On the other hand, for all practical
purposes, on can correct for this effect by refitting the galaxies with n > 6 by fixing n to 6.
Figure 2.7 demonstrates the significant improvement in the size determination. Comparing
Figures 2.6 and 2.7 clarifies that most of the outliers in Figure 2.6 are galaxies with n > 6. It
is worth noting that because the simulations are based on a finite sample of 100 nearby galaxy
“templates,” rescaled in luminosity and size, the behavior of the scatter is only pseudo-random,
which leads to horizontal striations in the scatter plots of Figure 2.6.

Figures 2.6 and 2.7 (and 2.8) show that when the objects are binned by measured Sérsic
index, the scatter does not appear symmetric in the lowest bin in n. One might interpret
the result as the fit missing the outer parts of the galaxies. However, that offset is deceptive
because the objects are plotted according to their measured Sérsic index rather than intrinsic
index; one does not know the Sérsic index for real, multi-component galaxies until after the
fit. Because measured Sérsic indices are positively correlated in a fit with measured sizes (Yoon
et al. 2011), objects selected to have low measured Sérsic index typically would have smaller
measured sizes. This is seen in the extreme, comparing Figures 2.6 and 2.7, for the bin where n
> 6. In Figure 2.7, the measured sizes become much smaller when n > 6 objects are constrained
to n = 6. The apparent systematic bias is therefore an artifact of the Sérsic index not being an
independent variable in the simulation. In contrast, when all the objects are grouped together
without regard to Sérsic index, the scatter is more symmetric about the mean (top row).

Tables 5 and 6 summarize the results of the best-fit multi-component models. On average,
across the entire S/N range of interest, the size of the galaxies and their total luminosities
are slightly underestimated at very low S/N. On the other hand, a small but positive trend is
present, as seen in Figure 2.7, at higher S/N values. The multi-component galaxies are drawn
from CGS elliptical galaxies and the Sérsic indices of these galaxies should peak around n = 4,
as seen in our results (< 15% have n < 2.5, and < 20% have n > 6 ).

There is a weak size dependence in the size determination of the galaxies. The systematic

offsets of galaxies with S/N > 50 are smaller for smaller galaxies. Figure 2.3 indicates that the
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Figure 2.7: Results of more than 7,000 multi-component galaxies with a simulated background.
The upper, middle, and lower panels show the results at different intervals of size R, (pixel),
mean surface brightness (u) (my arcsec™2), and Sérsic index n, respectively. Black solid and
dashed lines in the scatter plots indicate the median and 1o uncertainties of different measure-
ments. The dot-dash lines show the zero offset. The downward-pointing arrows in the scatter
plots indicate the S/N of a galaxy with R, = 5 pixels, e = 0, and my = 20 and 25. Galaxies
with n > 6 are refit by fixing the Sérsic index to n = 6. Note the significant decrease in scatter
and systematic errors (compare with Figure 2.6); see text in Section 3.2 regarding the offsets
in different bin internals of Sérsic index.
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Table 2.5: AR, /R, for Multi-Component Galaxies with Simulated Background — Corrected for
Models with n>6

S/N
Subsample  5-10 10-20  20-35  35-70  70-135 135-265 265-515 5151000
1) 2 (3) 4@ ) 6 ) (8) 9 (10)
+1.48 +0.50 +0.32 +0.21 +0.17 +0.08 +0.05 +0.06
R, 1-5  —0237148 0227050 0097032 —0.037921 0037017 0.0375% 004739  0.03139
+0.85 +0.65 +0.45 +0.27 +0.20 +0.15 +0.15 +0.09
5-20  —0.2879%5  —0.04%05> 0.057%4  012f0% 0127320 014791 0117915 011799

+0.91 +0.6 +0.31 +0.23 +0.28 +0.23 +0.21 +0.19
20-70  —0.03*9%%  0.023%, 00833 011152 017792 01272 020132 0.201519

(w)  16-21 —0.48105%  —0.09%038  0.067312  0.0970.%3
21-24  —0.53%0%8  —0.3170%  —0.047330 007702 0127017 0137318 0177520 0217019
24-27  —02070%  —0.04705) 0077330 0137328 0.097032

n 0-25  —0.55%032 037702 —0.277322 —0.29702 —0217012 -0.19%072 -0.1770%5 —0.127020
25-6  —0.12%0%%  —0.03%04 0057337 009733 013*317  0.13%15 0131037 0.11fd0:

6 0.147324 0307578 0217038 0151032 0167035 013792 0.09732  0.1210%

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) Parameter.
Col. (2) The subsamples selected based on different ranges of effective radius (R,), surface bright-
ness ({u)), and Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N. See text in Section 3.2 regarding
the offsets in different Sérsic index.
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Table 2.6: Amy for Multi-Component Galaxies with Simulated Background — Corrected for
Models with n>6

S/N
Subsample ~ 5-10 10-20  20-35  35-70  70-135 135-265 265-515 515-1000
® (2 (3) 4 (5) 6) ) ® ® (10)
+0.54 —+0.32 +0.30 +0.26 +0.41 +0.26 +0.33 +0.30
R, 1-5  —0.0079% 0107332 0061539  0.0072%  -0.04%54l —0.01792¢ —0.01733 —0.017530

+0.47 +0.36 +0.20 +0.14 +0.09 +0.07 +0.08 +0.06
5-20 0077947 004703 0057329 -0.07t014 -0.0770% -0.0870%7 -0.0779% —0.07+09

+0.48 +0.33 +0.26 +0.12 +0.12 +0.08 +0.09 +0.09
20-70  0.03%34 001793 -0.05%320 —0.04%512 —0.09%312 —0.0773% -0.10%33 -0.11+0%

() 16-21 0.387097  0.06703  —0.0510%2  —0.0670%
21-24 027793 0247930 0.0275%  —0.05701% —0.077035 —0.08¥057  —0.0970%8  —0.1175.29
24-27 004708 —0.027333 —0.05733% 0075013 —0.07%013

n 0-25 040703 0287022  02872%  028%032 024702 0227032 020703 0187038
25-6  —0.04%0%  —0.017022 —0.047317 —0.067511 —0.087098 —0.08¥055 —0.08705 —0.071592

6 —0.0710¥8  —0.15%038  -0.10732 —0.07732% —0.09733) —0.08752F —0.06703  —0.097339

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) Parameter.
Col. (2) The subsamples selected based on different ranges of effective radius (R,), surface bright-
ness ({u)), and Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N. See text in Section 3.2 regarding
the offsets in different Sérsic index.
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CoG technique to measure sizes can produce systematics even in idealized galaxies when R, <
2 pixels. Even after correcting for this effect, the systematic offsets for galaxies with 1 <R, <
5 pixels are still slightly less than what we find for galaxies with larger sizes. The slight trend
and scatter compared to idealized simulations therefore illustrate the fundamental differences
due to structural complexities.

Figure 2.8 and Tables 7 and 8 summarize the results of multi-component models with an
observed sky background taken from CANDELS UDS Hi4, images. The trends are similar be-
tween images with simulated and observed backgrounds. As expected, the uncertainties are
higher for images with the observed background, especially at lower S/N.

Under-subtraction or over-subtraction of the sky value can introduce spurious curvature into
the brightness profile, especially in the faint, outer regions of the galaxy (e.g., MacArthur et al.
2003; Erwin et al. 2008; Bernardi et al. 2010; Yoon et al. 2011). Figure 2.9 shows the accuracy
of GALFIT sky determination. It shows that in our simulations GALFIT measures the sky value
with accuracy better than few 0.01%. Therefore, the systematic errors of single-component
fits of multi-component galaxies are not caused by overestimating or underestimating the sky
value, but rather merely reflects the limitations of single-component modeling. In fact, even
when we fix the sky value to the actual value during the fits, the outcomes do not change.

The provided tables can be used by future observers to quantify potential systematic offsets
and uncertainties in their measurements of structural parameters in high-z galaxies. Although
the main purpose of the simulations is to determine the robustness of the GALFIT modeling of
high-z, compact galaxies, our simulations would be appropriate for galaxies of all redshifts, as
long as they fall within our S/N, size, Sersic index, and parameter space. Note, however, that
the multi-component simulated galaxies mimic the morphology of only early-type galaxies. A
forthcoming work (R. Davari et al., in preparation) will address a broader range of morpholog-

ical types.
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Figure 2.8: Results of more than 7,000 multi-component galaxies with an observed background.
The upper, middle, and lower panels show the results at different intervals of size R, (pixel),
mean surface brightness (u) (my arcsec™2), and Sérsic index n, respectively. Black solid and
dashed lines in the scatter plots indicate the median and 1o uncertainties of different mea-
surements. The dot-dash lines show zero offset. The downward-pointing arrows in the scatter
plots indicate the S/N of a galaxy with R, = 5 pixels, e = 0, and my = 20 and 25. Galaxies
with n > 6 are refit by fixing the Sérsic index to n = 6. The trends are similar to the results
for simulated backgrounds, although the scatter is larger; see text in Section 3.2 regarding the
offsets in different bin intervals of Sérsic index.
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Table 2.7: AR,/R, for Multi-Component Galaxies with Observed Background — Corrected for
Models with n>6

S/N
Subsample  5-10 10-20  20-35  35-70  70-135 135-265 265-515 515-1000
€D) @ 3 4@ (©) 6 (7) (8) © (10
+1.12 +2.07 +1.03 +0.56 +0.28 +0.19 +0.09 +0.08
R, 1-5  -0467112 -036'297 -0.2371% -0.14%3%% -0.051928  0.02101  0.0873%  0.0570%
+1.49 +1.81 +1.05 +0.66 +0.49 +0.33 +0.27 +0.26
5-20  —04971% —030f181 —0.0411%5  01379% 013704  018%93 023707  0.2179%

+1.30 +0.99 +0.72 —+0.50 +0.41 +0.49 +0.45 +0.41
20-70  —0.43'130  —0.2870%0 -0.00%572 —0.021935 0.0374 006734 010154 0161541

(w) 16-21 —0.5170)7  —0.47159%  —0.08%025 013792 0.15%3
21-24  -0.867077 —0.38704 —0.057555 0037038 0.0710% 0127032 022793 0.19703
24-27  —047%0%°  —0.28713% —0.0570%2  0.07105)  0.04704

n 0-25  —0.607037 —057%03) 0477028 —045%0% -027793% —0.15%09 -0.247015 —0.1970%
25-6  —025%0%2 0197318 —0.097052  0.0273% 005703 01140 017f0% 01579

6 —0.217228 0227382 056732 0378578 0267031 027'0% 030103 0.337030

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) Parameter.
Col. (2) The subsamples selected based on different ranges of effective radius (R,), surface bright-
ness ({u)), and Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N. See text in Section 3.2 regarding
the offsets in different Sérsic index.
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Table 2.8: Amy for Multi-Component Galaxies with Observed Background - Corrected for
Models with n>6

S/N
Subsample  5-10 10-20  20-35  35-70  70-135 135-265 265-515 5151000
1) 2 (3) G &) (6) ) ® &) (10)
+0.78 +0.44 +0.37 +0.37 +0.22 +0.40 +0.29 +0.25
R, 1-5 0.047978  0.07t0% 0147937 005703 007152 -0.0179% -0.05%02 -0.03702

+0.76 +0.56 +0.38 +0.30 +0.17 +0.12 +0.12 +0.12
5-20  0.11797% 0107955 —0.011533% —0.087939 -0.07f317 -0.101512 0127912 —0.117312

+0.68 +0.55 +0.45 +0.36 +0.37 +0.23 +0.27 +0.23
20-70 0411388 02379% 003104 004793 0011937 -0.0279%  -0.047927 -0.09792%

+0.19 +0.14 +0.38 +0.14 +0.13
(w)  16-21 0391912 0.40701%  0.04%33% 0087914 —0.09%313

+5.43 +0.38 +0.38 +0.29 +0.23 +0.15 +0.18 +0.26
21-24 051454 028793 0001938 -0.02f0% -0.03792 —0.07t01® -0.11718 —0.1070%

+0.76 +0.53 +0.41 +0.37 +0.20
24-27 016107 013703 002704 —0.047937  —0.0270%

+0.62 +0.42 —+0.31 +0.22 +0.33 +0.30 +0.33 +0.36
n 0-25 0347582 0487042 0407031 041702 0247932 016703 027793 022703
+0.79 +0.43 +0.36 +0.25 +0.20 +0.13 +0.12 +0.1

25-6  —0.02'07 006708 0031936  —0.0170% -0.037920 —0.07t01 -0.107312 -0.09701

+1.00 +0.54 +0.41 +0.22 +0.20 +0.23 +0.18 +0.16

6 0.021199 016102 —0.24704  —017102 -0127920 —01115% -0.137918 —0.15%31¢

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) Parameter.
Col. (2) The subsamples selected based on different ranges of effective radius (R,), surface bright-
ness ({u)), and Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N. See text in Section 3.2 regarding
the offsets in different Sérsic index.
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Figure 2.9: Examining the accuracy of GALFIT sky determination. Black solid and dashed lines
in the scatter plots indicate the median and 1o uncertainties of different measurements. The
dot-dash line shows zero offset. For our simulations, GALFIT measures the sky value with
accuracy better than a few 0.01%.
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2.4 The Effects of PSF Accuracy

An important factor in obtaining a best-fit model is the accuracy of the PSE The effective radii of
high-z galaxies are comparable to and in some cases smaller than the FWHM of the PSE There-
fore, one may expect a considerable offset in GALFIT measurements when an inaccurate PSF is
used (i.e., a PSF with different FWHM and/or different structure than the PSF used for gener-
ating the galaxy model). To study this effect, we first generate about 3,000 single-component
galaxies with 0.8 < R, < 4 pixels, which are convolved with the CANDELS COSMOS H;¢, PSE
Then, we fit each galaxy with the H,¢ PSF from several major HST surveys (CANDELS, COS-
MOS, UDS, GOODS-S, and EGS) and compare the results. The PSFs use a combination of a
hybrid TinyTim (Krist et al. 2011) PSF and a stacked empirical stellar PSE The motivation for
constructing such a hybrid PSF is that the TinyTim PSFs are better in the core region (where
centroiding issues tend to broaden empirical PSFs), while empirical PSFs fit real stars better
in the wings (van der Wel et al. 2012). Figure 2.10 shows that these PSF models have differ-
ent core sizes (i.e. FWHM) and outer halo wing compared to the COSMOS PSE The PSF in
COSMOS has an intermediate core size.

Figure 2.11 shows that the exact choice of PSE within the range of realistic PSF models we
explored, is not important for the purposes of galaxy size determination. The systematic offsets
are less than 2% and the uncertainties are less than 4%. The offsets are smaller for best-fit

models with lower Sérsic indices.

2.5 Comparison to Other Studies

Van der Wel et al. (2012) performed comprehensive single-component simulations based on
CANDELS imaging in Hy4, based on their catalog of 6492 objects in GOODS-South. They
find that my, R,, and e can be inferred with a random accuracy of 20% or better for galaxies
brighter than my = 24.5, whereas n can be measured at the same level of accuracy for galaxies
brighter than my = 23.5 (their Table 3). They conclude that since a typical faint high-z galaxy

is small and has a low Sérsic index, 10%-level accuracy in the single-component measurements
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Figure 2.10: CANDELS H;¢, PSF models for different fields. The PSF models are contructed
by using TinyTim for the central and outer parts of the PSF and bright stars for intermediate
distances from the center. The top panel shows the one-dimensional light profile of different
PSF models. The bottom panel shows the differences between the structure of different PSFs.
The dot-dash line marks the case when there is no offset.
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Figure 2.11: Fitting galaxies with PSFs with different structures and/or FWHMSs than the in-
trinsic PSF of the image leads to biases that are insignificant. The systematic offsets for R, are
less than 2%, and the uncertainties are less than 4%. The dot-dash line shows zero offset.
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can be reached down to my ~ 24.5. For their faintest sources (my > 25.5) with large sizes
(R, > 0.4"), the uncertainties in the magnitude and structural parameters start to become
substantial because they are dominated by the uncertainty in the background estimate. This
is in agreement with our single-component results (Tables 1 and 2). We find that at a specific
magnitude the scatter is higher for larger galaxies because their surface brightness is lower.

Trujillo et al. (2007) simulate 1000 single-component galaxies with properties matching
the observed distribution of their objects in Ig;4. A background sky, randomly taken from the
Ig14 image, is added to the generated galaxies, and the galaxy models are convolved with the
observed PSE Based on their Figure 2, there is no systematic offset for galaxies with m; <
24.0. For fainter galaxies, only those with n > 2.5, there is less than a 25% systematic offset
toward smaller sizes. They also explore the variation of the PSF within the image to see how
it can affect the recovery of the sizes. Using different stars in the image as the PSE they find
that the size estimations are robust to changes in the selected PSF; the scatter is about 10%.
Abramson et al. (2013) also use six different PSFs (including an empirical PSF) and find 5%-
level accuracy for lower Sérsic indices and 30%-level accuracy for higher Sérsic indices. Our
Figure 2.11 confirms that the effects are small when using slightly inaccurate PSFs.

However, Mancini et al. (2010) claim that for objects with large effective radii and Sér-
sic indices, as elliptical galaxies with masses of 2.5 x 10'!M, are expected to be, one could
substantially underestimate n and R, for the typical S/N (< 50-100) of their sample. They
believe that this reflects the impact of (1 + z)* surface brightness dimming of high-n halos. We
do not observe any systematic error in size determination of single-component galaxies with
S/N > 50 (my < 24 for typical z = 2 galaxies). The sizes of single-component galaxies can be
underestimated if the dimension of the image is small relative to the galaxy size. This makes
the sky determination less reliable. Size measurements can also be compromised if extended
neighbors are not properly masked. However, when these factors are taken into account, we, in
agreement with several previous studies (Haussler et al. 2007; van Dokkum & Brammer 2010;
Williams et al. 2010; Buitrago et al. 2013), believe that the parameters of a single-component

galaxy can be retrieved robustly over a wide range of S/N.
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Meert et al. (2013) show that single-component Sérsic fits of two-component (bulge +
disk) simulated galaxies, based on a spectroscopically selected sample from the Sloan Digital
Sky Survey (SDSS; York et al. 2000; Stoughton et al. 2002), leads to an overestimation of the
size (their Figure 8). It holds even for their model galaxies without any noise (their Figure
8a). Mosleh et al. (2013) also simulate two-component galaxies based on an SDSS sample.
They examine the robustness of size measurements based on non-parametric fitting as well
as single- and two-component Sérsic fits. For their modeled galaxies at z = 0, they find that
their non-parametric and two-component Sérsic fits provide the most robust R, measurements,
while those based on single-component Sérsic fitting often overestimate the size, especially for
massive red/early-type galaxies (their Figure 3). Redshifting their galaxies to z = 1, they find
that the single-Sérsic fitting of two-component galaxies yield reliable size measurements, likely
due to the smaller structures being washed out at high redshifts (their Figure 7).

The two-component simulation results of Meert et al. (2013) and Mosleh et al. (2013) qual-
itatively agree with our results for multi-component galaxies (Figures 6-8). However, Mosleh
et al. (2013) finds smaller systematic offsets which could be caused by a considerable fraction
of disk-dominated galaxies in their sample. Note that our simulations are limited to early-type

galaxies.

2.6 Implications for Red Nuggets

One of the main goals of this study is to examine whether or not there is a bias in measuring
properties of the red, massive compact galaxies at z = 2. These so-called red nuggets are found
to have a median stellar mass M, ~ 10! M, and a median effective radius R, < 2.0 kpc (van
Dokkum et al. 2008; van der Wel et al. 2011). Red nuggets are found to have Hyg, < 24, with
a few having H,¢q = 23-24 (Szomoru et al. 2012). They are seen at high S/N (= 100, for one
HST orbit).

Assuming that the light distribution of these compact galaxies resembles a Sérsic profile,

Figures 2.4 and 2.5 and Tables 1 and 2 show that there is no systematic bias in the size, total
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luminosity, Sérsic index, and ellipticity of these galaxies. The uncertainties for measuring R,,
my, n, and e are less than 20%, 0.2, 0.2, and 10%, respectively, for galaxies with 23 < H¢
< 24. The uncertainties are much smaller still for brighter galaxies. Thus, provided that red
nuggets have Sérsic profiles, single-component fits of these galaxies are very robust.

On the other hand, the observed compact galaxies may have an envelope with low surface
brightness that is difficult to recover in detail. If the envelope does not follow a perfect Sérsic
function or the overall galaxy profile changes from small to large radii, it is commonly specu-
lated that the envelope flux and hence the true effective radius may be underestimated (e.g.,
Hopkins et al. 2009). We tackle this problem by taking advantage of H13’s morphological study
of ~100 nearby massive elliptical galaxies with median mass Mg = 1.3 x 10! M. We directly
test the null hypothesis that the red nuggets have undergone no morphological evolution and
only passive fading since z ~ 2.

Figure 2.7 and Table 5 and 6 show the best-fit results of the single Sérsic fits of the multi-
component galaxies. With adequate S/N (= 100, comparable to red nuggets studied in CAN-
DELS), the presence of extended envelopes in ellipticals actually leads to a slight overestimation
of their sizes rather than an underestimation. This holds over a wide range of sizes (i.e., 1
< R, < 70 pixels). At much lower S/N values (e.g., < 50), the trend reverses but the effect
is very modest. Conclusion: if red nuggets have structures similar to local massive elliptical
galaxies, single-component Sérsic fits of these galaxies do not underestimate their sizes. The
median size of models of nearby ellipticals rescaled to mimic galaxies at z = 2 is R, ~ 0.5,
or 4.2 kpc. Considering that the median size of red nuggets is R, ~ 1 kpc, their sizes have
increased by a factor of ~4 if they are the progenitors of local massive ellipticals. Table 6 shows
that the total luminosity of the multi-component galaxies can be overestimated as a result of
overestimating the size. This leads to systematically higher masses for these compact galaxies.
However, this effect is less than 10%, which, compared to other uncertainties involved in mass
measurement, is insignificant. Hence, the total luminosity of multi-component galaxies can be

measured reliably via single-component Sérsic fitting.
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2.7 Summary

Recent observations of galaxies at z = 2 with HST/WFC3 have revealed a population of red,
compact (R, ~ 1 — 2 kpc), and massive (M, ~ 10! M) galaxies, the so-called red nuggets.
We determine the possible biases and uncertainties in the determination of basic structural
parameters of these galaxies, with special emphasis on their sizes.

For this purpose, we perform two sets of simulations: one based on idealized single-
component models and the other on the observed properties of local massive ellipticals. For
the local analogs, we generate galaxies with multiple components (generally three) with the
properties obtained from Huang et al. (2013a), which in turn are rescaled so as to compare with
galaxies observed at z = 2.0. We examine the effects of background noise, the accuracy of the
PSF model, and the model fitting method. We analyze the artificial images in a manner similar
to that popularly employed in the literature, namely through two-dimensional GALFIT model-
ing of the light distribution using a single-component Sérsic profile and compare the retrieved
size, luminosity, and other structural parameters with input values.

We find that:

e If the sky estimation has been done robustly and the PSF model is relatively accurate,
GALFIT can retrieve the properties of single-component galaxies at a wide range of mag-
nitudes without introducing any systematic error at high accuracy (Figures 2.4 and 2.5

and Tables 1 and 2).

e Modeling multi-component galaxies with a single Sérsic component under realistic con-
ditions does not bias the sizes too low; in fact, sizes tend to be slightly overestimated.
This makes the size evolution problem, if anything, even more dramatic. The apparent
compactness of red nuggets is real; it is not the result of missing faint, outer light (Figures

2.6-2.8 and Table 5).

e Models with Sérsic indices larger than 6 have larger uncertainties and can cause signifi-

cant systematic errors. Refitting these galaxies by fixing the Sérsic index to n = 6 provides
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more reliable results (compare Figure 2.6 with Figure 2.7).

e We confirm that massive, compact quiescent galaxies at z = 2 are a factor of ~4 smaller

than their local counterparts.
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Chapter 3

On the limits of measuring the bulge
and disk properties of local and

high-redshift massive galaxies

Abstract

A considerable fraction of the massive quiescent galaxies at z ~ 2, which are known to be
much more compact than galaxies of comparable mass today, appear to have a disk. How well
can we measure the bulge and disk properties of these systems? We simulate two-component
model galaxies in order to systematically quantify the effects of non-homology in structures
and the methods employed We employ empirical scaling relations to produce realistic-looking
local galaxies with a uniform and wide range of bulge-to-total ratios (B/T), and then rescale
them to mimic the signal-to-noise ratios and sizes of observed galaxies at z ~ 2. This provides
the first set of simulations for which we can examine the robustness of two-component decom-
position of compact disk galaxies at different B/T. We confirm that the size of these massive,
compact galaxies can be measured robustly using a single Sérsic fit. We can measure B/T accu-
rately without imposing any constraints on the light profile shape of the bulge, but, due to the

small angular sizes of bulges at high redshift, their detailed properties can only be recovered
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for galaxies with B/T > 0.2. The disk component, by contrast, can be measured with little

difficulty.

3.1 Introduction

Discovery of compact, red massive galaxies at z ~ 2 (e.g., Franx et al. 2003; Daddi et al.
2005; Kriek et al. 2006) have opened a new door for improving the current models of galaxy
formation and evolution (e.g., Wuyts et al. 2010; Oser et al. 2012; Ishibashi et al. 2013; Dekel
& Burkert 2014). Several studies have confirmed the compactness of these galaxies (e.g., Daddi
et al. 2005; Toft et al. 2007; Trujillo et al. 2007; Buitrago et al. 2008; Cimatti et al. 2008; Franx
et al. 2008; van der Wel et al. 2008; van Dokkum et al. 2008; Damjanov et al. 2009; Hopkins
et al. 2009; Cassata et al. 2010, 2011; Mancini et al. 2010; Newman et al. 2012; Szomoru et al.
2012; Barro et al. 2013; Huang et al. 2013; Williams et al. 2014). These “red nuggets,” while
so common at z & 2, are rare in the local universe, which implies a considerable size increase
(3 — 4 times) in the last 10 billion years (van Dokkum et al. 2008; Trujillo et al. 2009; Taylor
et al. 2010; van Dokkum & Brammer 2010; but see Saracco et al. 2010; Valentinuzzi et al.
2010; Ichikawa et al. 2012; Poggianti et al. 2013). Red nuggets are found to be as compact as
~ 1 — 2 kpc, which is comparable to the size of the Hubble Space Telescope (HST) point-spread
function (PSF). This raises the concern that the size and mass measurements of these galaxies
are subject to potential uncertainties (Hopkins et al. 2009; Muzzin et al. 2009).

Besides the small size of the red nuggets, at least a considerable fraction of them are found
to have a disk, which imposes a further challenge to our paradigm of galaxy evolution. Van der
Wel et al. (2011) claim that more than 50% of the population of massive quiescent galaxies
at z > 2 are disk-dominated. Chang et al. (2013), by deprojecting the observed axial ratios of
the galaxies in their sample, show that early-type galaxies at z > 1 are, on average, flatter than
their counterparts at z < 1. Furthermore, they claim that the median projected axis ratio at a
fixed mass decreases with redshift, which hints at the prevalence of disks at higher redshifts.

Patel et al. (2013) find that their sample of quiescent massive galaxies at higher redshifts have
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lower axial ratios (b/a) and concluded that the stars in the progenitors of today’s 2M* galaxies
were distributed in disks at z & 3. Bruce et al. (2014) show that within the redshift interval
1 < 2z < 3 most massive galaxies are morphologically composite systems containing both a
bulge and a disk component. More than 80% of their sample require a disk component to
properly fit their light distribution. Aside from the observational evidence of the prevalence of
disks among the most massive galaxies at high redshift, cosmological simulations predict the
formation of massive disk galaxies at these epochs. The compactness of red nuggets indicates
that these galaxies have experienced severe dissipation during their formation. One plausible
scenario is that the red nuggets are the end result of major gas-rich mergers. Robertson et al.
(2006) find that nearly all their simulated gas-rich merger remnants contain rapidly rotating
stellar substructure, while disk-dominated remnants are restricted to form in mergers that are
gas-dominated at the time of final coalescence. They show that the formation of rotationally
supported stellar systems in mergers is not restricted to idealized orbits, and both gas-rich
major and minor mergers can produce disk-dominated stellar remnants. Their findings can be
especially important for galaxy formation at high redshifts, where gas-dominated mergers are
common.

Measuring the bulge and disk properties, and subsequently the luminosity bulge-to-total
ratio (B/T), of galaxies obviously can reveal key properties and clues to formation and evolu-
tionary paths that may be obscured by studying a bulge+disk galaxy as a single system. Several
factors can affect the reliability of bulge-disk decomposition, including how the fitting pipeline
is employed, the galaxy brightness [signal-to-noise ratio (S/N)], cosmological surface bright-
ness dimming, and the effect of the PSE One of the best ways for quantifying the influence
of these factors is through galaxy simulations (e.g., Trujillo et al. 2007, Cimatti et al. 2008,
Mancini et al. 2010, Szomoru et al. 2010, 2012, van Dokkum & Brammer 2010, Williams et al.
2010, Papovich et al. 2012, van der Wel et al. 2012, and Davari et al. 2014 for high-z galaxies,
and Haussler et al. 2007 and Meert et al. 2013 for low-z galaxies).

This work employs well-tested properties and scaling relations of local galaxies to generate

mock bulge+disk galaxies with a uniform and wide range of B/T. This provides the first set
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of simulations that allows us to examine the robustness of two-component decomposition of
disk galaxies at different B/ T values. Although our model bulge+disk galaxies do not capture
the full observed complexity of local disk galaxies (e.g., Gadotti 2009; Kormendy & Barentine
2010), recent zoom-in cosmological simulations find that galaxies with bars and spiral struc-
tures are rare at z ~ 2 (Kraljic et al. 2012). If higher redshift bulges and disks resemble their
local counterparts, the results of our rescaled model galaxies can be used as a yardstick for
examining the robustness of these types of analysis for higher redshift galaxies. We address
three key questions:

1) How well can single-component fitting of bulge+disk galaxies measure the global size
and total luminosity of these galaxies?

2) Can we recover the properties of both the bulge and disk components, and if so, how
well?

3) What are the best methods for measuring the B/T of composite galaxies? And what are
the potential biases of different bulge-disk fitting methods?

This paper is organized as follows. In Section 2, the details of the galaxy simulations are
provided. The main results are presented in Section 3. Comparison with similars studies is
done in Section 4. In Section 5, implications of our results for red nuggets are discussed,
and a summary is listed in Section 6. Results are based on a standard cosmology (Hy = 71

km~ s~ !Mpc!, Q, = 0.27, and Q, = 0.73) and AB magnitudes.

3.2 Method

3.2.1 Technique

GALFIT 3.0 (Peng et al. 2010) is utilized for our simulations. GALFIT is used extensively
for modeling the light profiles of galaxies. It provides several commonly used functions in
astronomical literature. For our applications, we only use the Sérsic (1968) function to model

the surface brightness profiles:
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R 1/n
Y(R) =1, exp{—K [(R_) - 1:| }, (3.1

where R, is the effective radius of the galaxy, Z, is the surface brightness at R,, the Sérsic index
n describes the profile shape, and the parameter « is closely connected to n (Ciotti 1991). The
special cases of the Sérsic profile are the exponential profile (n = 1; Freeman 1970) and the
R4 law (n = 4; de Vaucouleurs 1948), which are commonly observed in spiral and elliptical
galaxies, respectively. This suggests that the Sérsic index can be used as a yardstick for dis-
tinguishing the disk-dominated from the bulge-dominated galaxies (e.g., Blanton et al. 2003;
Shen et al. 2003; Bell et al. 2004; Hogg et al. 2004; Ravindranath et al. 2004; Barden et al.

2005; McIntosh et al. 2005; Fisher & Drory 2008).

3.2.2 Simulated Model Galaxies

We aim to simulate galaxies that resemble real, observed disk galaxies. Toward this goal, we
use empirical scaling relations and other empirical constraints derived from observations of
nearby galaxies as inputs to create the model galaxies. Although these constraints reduce the
generality of our simulated sample, they provide us with simulated galaxies that exhibit realistic
values of bulge and disk component parameters.

The well-known Kormendy relation (Kormendy 1977; Hamabe & Kormendy 1987), a pro-
jection of the galaxy fundamental plane (Djorgovski & Davis 1987; Dressler et al. 1987), re-
veals that elliptical galaxies and classical bulges follow a correlation between effective surface
brightness (u,) and effective radius (R,). The Kormendy relation indicates that larger elliptical
galaxies and classical bulges have lower densities. Since brighter galaxies are bigger, a more
general statement is that more luminous systems are fluffier. The Kormendy relation, which has
played an important role in the study of the formation and evolution of galaxies, has been stud-
ied in different bands (e.g., La Barbera et al. 2010), environments (e.g., Nigoche-Netro et al.
2007), redshifts (e.g., La Barbera et al. 2003; Longhetti et al. 2007), and magnitude ranges

(Nigoche-Netro et al. 2008).
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Our simulated images of fiducial local (z ~ 0) galaxies will be designed to mimic Sloan
Digital Sky Survey (SDSS; York et al. 2000; Stoughton et al. 2002) images taken in the g
band. Using the V-band Kormendy relation of (Hamabe & Kormendy, 1987) and assuming

g —V ~ 0.5 for E/SO galaxies (Fukugita et al. 1995), our simulated bulges follow

u. = 3.0 log(R,) + 20, (3.2)

where R, is expressed in Kpc and u, in mag arcsec™2 (Fig. 3.1d).

The disks of late-type galaxies display a correlation between their central surface brightness
(up) and scale length (h) (e.g., Graham & Worley 2008; Gadotti 2009; Laurikainen et al. 2010).
This relation has a similar trend as the Kormendy relation, but with a different slope. We use
the SDSS g-band catalog of Gadotti (2009) to quantify this correlation, so that our simulated

disks follow

o = 3.5 log(h) + 19.75, (3.3)

where h is expressed in Kpc and u, in mag arcsec™ 2. The analysis of Laurikainen et al. (2010),
done in the K, band, shows a similar slope for this disk scaling relation (Fig. 3.2b). Another
constraint that we employ is the observed structural coupling between the bulge and disk sizes
(Courteau et al. 1996; de Jong 1996), one that has been interpreted to indicate that the for-
mation of the disk and bulge are related as a result of secular evolution. MacArthur et al.
(2003) find (R,/h) ~ 0.25, independent of wavelength but with a mild trend with Hubble
type: more bulge-dominated galaxies have larger R,/h. Based on the observed distribution
of R,/h (MacArthur et al. 2003, their Fig. 21), we constrain our simulated galaxies to have
0.05 <R,/h<0.6.

The simulated disk component follows the exponential light profile (Freeman 1970). On
the other hand, the Sérsic indices (Sérsic 1968) of bulges correlate with their total luminosity
(Fisher & Drory 2008; Graham & Worley 2008; Laurikainen et al. 2010). Using Equation 17 of

Graham & Worley (2008), which is given in the B band, we assume g — B = —0.7 (appropriate
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for Sab galaxies; Fukugita et al. 1995) to obtain

n— 10—(15+Mg)/9.4’ (3.9

where M, is the absolute g-band magnitude (Fig. 3.1h). The ellipticity, e = 1 — b/a, of bulges
have a Gaussian distribution that peaks around 0.2 (Fathi et al. 2003), whereas disks, as a
result of different inclination angles, have e < 0.8 (Ryden 2006). We assume disks and bulges
have random orientations (position angles). The simulated disks have a Gaussian distribution
of central surface brightness, with a mean and standard deviation of u, = 21+0.3 mag arcsec™ 2
(Gadotti 2009).

These initial conditions lead to a sample of model galaxies with to 0.1 < B/T < 0.7, with
the majority of the objects having 0.25 < B/T < 0.5. There are more than 500 galaxies in each
of the following bins of B/T: <0.2, 0.2-0.3, 0.4-0.3, 0.4-0.5, 0.5-0.6, and >0.6. This produces
bulges with R, ~ 0.4"/-5" (1-12 pixels) and disks with h & 3.5”-10"(9-25 pixels). In this paper,
the analyzed effective radii are circularized effective radii, R, circularized = Re gaLrir X V1 — €; the
same applies to the disk scale lengths. Figures 3.1 and 3.2 show the properties of the simulated
bulges and disks. Figure 3.2f shows that galaxies with the smallest B/T have the lowest R, /h,
in agreement with previous studies (e.g., MacArthur et al. 2003; Fisher & Drory 2008).

To obtain a robust determination of the sky background, the size of the simulated images
should be at least 15 times larger than the effective radius of the galaxy (Yoon et al. 2011;
Huang et al. 2013a). As the simulated images are meant to resemble SDSS data, the pixel
scale is set to 0.396”, and the zero point of the images is set to 25 mag, typical for the SDSS
g band!. We convolve the simulated images with an empirical PSF constructed by stacking 30
bright stars selected from SDSS g-band images.

S/N is a key factor for the robustness of morphological analysis. Considering the fact that
galaxies are extended objects, we use the S/N within the effective radius rather than the total

S/N. We define

! http://www.sdss.org/dr7/algorithms/fluxcal.html
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Figure 3.1: Properties of more than 2,000 simulated bulges rescaled to z = 0.02 (~100 Mpc).
Simulated galaxies have uniform distribution of B/T in four bins (<0.2, 0.2-0.4, 0.4-0.6, and
>0.6). The correlation between magnitude (mg) and effective radius (R,) shown in panel (d)
indicates that bulges follow the Kormendy relation (Equation 3.2). Smaller bulges are less
luminous, and therefore galaxies with the smallest B/T have the smallest bulges (panel g).
Panel (h) shows that the Sérsic indices of bulges correlate with their total luminosity (Equation

3.4).
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Figure 3.2: Properties of more than 2,000 simulated disks rescaled to z = 0.02 (~100 Mpc).
Simulated galaxies have uniform distribution of B/T in four bins (<0.2, 0.2-0.4, 0.4-0.6, and
>0.6). The correlation between magnitude (m,) and the disk scale length (h) demonstrates the
scaling relation between the central surface brightness of the disk and its scale length (Equation
3.3). Panel (f) shows that galaxies with lowest B/ T have the smallest R, /h, in agreement with
previous studies.
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where A is the area within the effective radius and o is the sum of all possible sources of noise,

S/N = (3.5)

including dark current, readout noise, and shot noise from the sky.

For each model galaxy, we generate 10 images with different noise levels over the range
100 <S/N< 10000; the S/N values are uniformly distributed in logarithmic space. In total, we
generate more than 5000 images in each B/T bin, and more than 30,000 over the whole range
of B/T. For the typical noise level and exposure time of SDSS images, the above range of S/N
values corresponds to simulated galaxies with 8.5 <m, < 18.5.

Figure 3.3 shows simulated disk galaxies with four different values of B/T and three in-
clination angles. Figure 3.4 gives an example of a simulated galaxy with B/T ~ 0.3 at three
different levels of S/N, which correspond to m, ~ 18, 13.5, and 9 mag, and three inclination
angles. Objects with low S/N look like compact galaxies due to the missing light in the outer
part of the disk.

One of the main goals of this paper is to examine the reliability of model fits of high-
redshift massive galaxies using one or two Sérsic components. These high-redshift galaxies
are generally smaller than local galaxies, have been observed at lower S/N, and have been
subject to surface brightness dimming. Therefore, we rescale the sizes and S/N of model local
galaxies to mimic galaxies at z ~ 2. This leads to simulated galaxies with bulges with 0.02”
<R, < 0.25” 0.3-4 pixels) and disks with 0.17” < h < 0.5” (3-8 pixels). The rescaled model
galaxies are simulated at 10 <S/N< 1000 (uniformly distributed in logarithmic space), and
their images mimic the properties of the CANDELS? (Grogin et al. 2011; Koekemoer et al.
2011) UDS (UKIDSS Ultra-Deep Survey; Lawrence et al. 2007) mosaic image. For images with
the noise level of those acquired using HST’s Wide Field Camera 3 (WFC3) in the Hig filter
(Koekemoer et al. 2011), this range of S/N for the rescaled model galaxies is equivalent to
galaxies with 18.5 < Hy¢ < 28.5 observed for one orbit with the HST. The simulated images

are convolved with the hybrid H;¢y PSF from CANDELS UDS (van der Wel et al. 2012).

2http://candels.ucolick.org/
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B/T~0.7

Figure 3.3: Simulated disk galaxies at four different values of B/T and three inclination angles
i. No noise has been added to these images. The solid line in the lower left panel shows a scale
of 15 Kpc. The simulated images mimic SDSS data.
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Figure 3.4: Simulated disk galaxies with B/T =~ 0.3 at three different values of S/N, which
correspond to m, & 18, 13.5, and 9 mag, and three inclination angles i. Galaxies with low S/N
look compact because the outer part of the disk is undetected. The solid line in the lower left
panel shows a scale of 15 Kpc. The simulated images mimic SDSS data.
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Once the galaxies are simulated, we fit each of them in two ways: (1) single Sérsic compo-
nent plus a sky component and (2) a Sérsic component (to represent a bulge), an exponential
component (to represent a disk), and a sky component. The sky component is modeled as a

plane with a constant slope, to correct for any residual non-flatness, to first order.

3.3 Results

3.3.1 Fitting Disk Galaxies with Single Sérsic Component

In order to quantify the reliability of our model fits, we need to determine the intrinsic size of a
simulated galaxy. Davari et al. 2014 (their Fig. 3) show that this can be done robustly by using

IRAF/ellipse (Jedrzejewski 1987) and constructing the galaxy curve-of-growth.

Local Galaxies

We first discuss the results for single-component fits, the method most widely adopted in the
literature to obtain the total luminosity and basic structural parameters of galaxies. Figure 3.5
shows the difference between actual and measured effective radii as a function of S/N, for
more than 30,000 model galaxies. The horizontal panels give the result at a given B/ T, while
the vertical panels give the results for different values of the Sérsic index n.

As shown by Davari et al. (2014), the fits with n > 6 are generally unreliable. This comes
from the fact that Sérsic profiles with n > 4 have a long tail, which can be confused by the
background signal and its associated noise. This generally causes overestimation of the total
flux and size of a galaxy. We refit these galaxies with n > 6 by fixing n to 6, to minimize
potential biases caused by these unreliable fits. Comparing dark and light green points in Figure
3.5 demonstrates the significant improvement in the size determination for best-fit models with
high Sérsic indices.

The histograms in Figure 3.5 show that the fraction of best-fit models with 2.5 < n < 6 is
higher for model galaxies with higher B/T. This is expected, as previous studies have shown

that the light distributions of later type galaxies resemble exponential disks (n = 1), whereas
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Figure 3.5: Fits of more than 30,000 local disk galaxies with a single Sérsic component and
a sky component, which is left as a free parameter during the fit. The sky component fits
the background with a plane with a constant slope and therefore can correct for any non-
flatness to first order. Different rows show the offsets between the measured and the actual
effective radius R, of galaxies with different B/T; the different columns show three intervals in
Sérsic index. Cyan solid circles/solid lines, red open squares/dotted lines, and light green solid
triangles/dashed lines show the results of best-fit models with n < 2.5, 2.5 <n < 6, and n =
6, respectively. The dark green points show the models with n > 6. The black solid and dashed
lines indicate the median and 1o uncertainties of different measurements.
pointing arrows on the top of each subpanel indicate the S/N of a galaxy with R, ~ 15 pixels,
e =0, and my = 9.5 or 16.5. Comparing dark and light green points shows that refitting single
Sérsic fits with n > 6 by fixing the Sérsic index to n = 6 leads to significant improvement.
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bulge-dominated galaxies have light distributions close to n = 4. On the other hand, higher
background noise level affects the model galaxies with smaller B/T the most. This is evidenced
by the fraction of single-component fits that yield high Sérsic indices (n > 6). As mentioned
above, fits with n > 6 are generally unreliable and can lead to significant systematic offsets.
This, in part, comes from the fact that Sérsic profiles with large n, which have a steep central
part and a long tail at large radii, are very sensitive to changes in the central and outermost
parts of the galaxy. The fraction of galaxies with n > 6 are 15%, 25%, 2%, and <1% for galaxies
with B/T < 0.2, 0.2-0.4, 0.4-0.6, and > 0.6, respectively.

The higher fraction of unreliable fits at lower S/N for model galaxies with B/T < 0.4 is
due to their morphological properties. This is demonstrated in Figure 3.6, which illustrates the
effects of S/N on the reliability of the fits. Light distributions of model galaxies with B/T =
0.15, 0.30, and 0.45 are shown at three different values of S/N. For model galaxies with B/T
< 0.4 a considerable fraction of the flux resides in the disk, which leads to systematic profile
deviations in the outskirts. Figure 3.6 shows that this effect is stronger for galaxies with 0.2
< B/T < 0.4. Lower S/N leads to a situation where random noise dominates over systematic
profile deviations in the outskirts. As the contribution of y? between the outer region and
inner is asymmetric, it is generally difficult to know a priori how the Sérsic index would behave
when fitting a single-component profile to a multi-component model. Simulations show that
the presence of a small bulge (lower B/T) preferentially leads to relatively larger biases in size
and luminosity using a single-component fit. Only in the largest B/T and the highest S/N does
the fit have a (slightly) opposite effect. In model galaxies with B/T > 0.4, the prominence of
the bulge reduces the contribution of the disk to the overall light distribution. The bottom left
panel shows that even at very low S/N GALFIT can still reliably measure the size and total
luminosity of the model galaxy. This is in agreement with Davari et al. (2014), who find that
single-component fits of early-type galaxies can accurately measure their structural properties
and total luminosities over a wide range of S/N.

Note that although single-component fits to model galaxies with 0.2 < B/T < 0.4 have the

lowest fraction of best-fit models with n < 2.5, at high S/N their fraction is similar to that of
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Figure 3.6: The effects of S/N on the reliability of galaxy fitting. The different panels show
surface brightness profiles of simulated local galaxies with B/T = 0.15, 0.3, and 0.45 at three
different values of S/N. Open black and open red points show the light distributions of model
galaxy and best-fit model at any given S/N. Magenta dash-dotted and blue dashed lines show
the actual bulge and disk light distribution of the model galaxy. For model galaxies with B/T
< 0.4, the large fraction of disk flux leads to systematic profile deviations in the outskirts;
the middle panels show that this effect is stronger for galaxies with 0.2 < B/T < 0.4. Lower
S/N leads to a situation where random noise dominates over systematic profile deviations in
the outskirts. Our simulations show that the presence of a small bulge (lower B/T) leads to
relatively larger biases in size and luminosity using a single-component fit. For model galaxies
with B/T > 0.4, the dominance of the bulge reduces the contribution of the disk to the total
light distribution. The bottom left panel shows that even at low S/N, GALFIT can measure the

size and total luminosity of the model galaxy reliably.
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model galaxies with 0.4 < B/T < 0.6 and higher than that for B/T > 0.6. Therefore at higher
S/N, as expected, the fraction of best-fit models with n < 2.5 is higher for model galaxies with
lower B/T.

Tables 1 and 2 summarize the results of the single-component fits. As mentioned before,
at low S/N, it is more likely to overestimate the total luminosity and size. On the other hand,
at high S/N the non-homology in the light distribution of these two-component galaxies leads
to underestimaton of the total luminosity. The offsets are larger for model galaxies with 0.2 <
B/T < 0.4, as these galaxies have the most prominent no-homology in their surface brightness
light distribution (Fig. 3.6). And, as expected, the offsets are smaller for bulge-dominated
galaxies because of the negligible contribution of the disk component to the overall light profile.

For the range of S/N in which typical local disk galaxies are observed (i.e. a few thou-
sands), systematic offsets are less than 10%-20% for size measurements and <0.1 mag for
luminosity measurements. Thus, single-component Sérsic fits using GALFIT give reliable sizes
and luminosities for typical local disk galaxies.

Estimating the sky value is another key factor in morphological analysis, especially for ex-
tended objects like galaxies (e.g., MacArthur et al. 2003; Erwin et al. 2008; Bernardi et al. 2010;
Yoon et al. 2011). Davari et al. (2014; their Fig. 9) show the accuracy early-type galaxies: the
sky value can be measured with an accuracy better than 0.1%. That finding holds for early-type,
including bulge-dominated disk, galaxies, but it may not be the case for more disk-dominated
systems. As discussed above, low-S/N, disk-dominated galaxies paradoxically may be better fit
by a model with a high Sérsic index, whose extended wings contribute little to ¥? compared to
improvements in the fit toward the center. In order to examine the effect of sky determination,
all model galaxies are fit two ways: (1) by letting the sky be a free component in the fit and (2)
by fixing the sky value to the actual background value measured independently. We found that
at high S/N GALFIT can measure the sky value accurately when enough background pixels are
available. (Note that the simulated images are at least 15 times larger than the R, of the model
galaxy.) But at low S/N (less than a few hundreds) and for galaxies with low B/T, fixing the

sky value decreases the systematic offsets by ~ 10% for 2.5 < n < 6 and by ~ 20% for n > 6.
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Table 3.1: Size Offsets for Local Disk Galaxies

S/N
B/T n 100-175 175-315 315-565 565-1000 1000-1750 1750 -3150 3150 -5650 5650 — 10000
@ 2 (3 (€] ®) ) ) 8) (&) (10)
+0.02 +0.02 +0.02 +0.02 +0.02 +0.02 +0.02
0-25 .. 0.0079%2 005392 —0.07392 —0.09%5%2  —0.0973%2  -0.09%392  —0.0879C2
+0.30 +0.26 +0.18 +0.11 +0.06 +0.01
<02  25-6 0.2970% 0.14%526 0037518 —0.04703 —0.11739%  —0.1415!
+0.22 +0.18 +0.14
6 0787922 0691515  0.54701
+0.03 +0.03 +0.04
0-25 .. -0.18%3% ) -0.2073%  —0.18+0%4

+0.10 +0.10 +0.07 +0.07 +0.05 +0.04 +0.04 +0.04
02-04 25-6 0237310 0127310 —0.01%397 —0.091397 -0.1679%5 —0.2075%¢ —0.22%0%%  —0.2470%4

+0.10 +0.11 +0.11 +0.09 +0.08
6 0237019 0241511 018*5ll 012739 0.07109

+0.03 +0.04 +0.02 —+0.02 +0.02 +0.02 +0.02 +0.03
0-2.5 0.01709% —0.0279%% —0.017392 —0.0272%2 -0.02%392  —0.0373%2  -0.0473%%  —0.0679%

+0.09 +0.07 +0.05 +0.03 +0.03 +0.03 +0.04 +0.04
04-06 25-6 0.0972% 0057297 001139 —0.03%3% -0.063% -0.0870% —0.10%39%  -0.127994

+0.08 +0.02
6  0.287008 0221002

+0.02 +0.01 +0.01 +0.02 +0.02 +0.02
0-25 .. 0.0079%2  —0.0173%!  —0.03*591  -0.0473%2  —0.0473%2  —0.05+5:%

+0.09 +0.06 +0.05 +0.03 +0.02 +0.01 +0.01 +0.01
>06  25-6 010759 007139 003159  -0.0115% —0.0373%2 -0.05t391 —0.0673%  —0.07t39)

The difference between the actual and measured effective radius R, for local model galaxies. Single
Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) B/T range.
Col. (2) The subsamples selected based on different ranges of Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N.
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Table 3.2: Magnitude Offsets for Local Disk Galaxies

S/N
B/T n 100-175 175-315 315-565 565-1000 1000-1750 1750-3150 3150 - 5650 5650 — 10000
) @ 3 @ (5) O] @) (8 &) (10)
0-25 —0.07739) —0.037331  —0.007001  0.027092  0.047092 0.067003 0.0610:53
<02  25-6 —02370%7 0167095 —0.107004 —0.047022  0.01%592  0.06700)
6  —0.3670%7 —0.34700¢ —0.28700%
0-25 0.031391  0.06130 0.0810:04
02-04 25-6 —0.1773001 —0.15739% —0.087592 —0.047003  0.00%052  0.047053  0.0673%  0.0875%3
6 —0.18739% —0.19%0%2 —0.1873%: —0.16%503 —0.12%0%2

+0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02 +0.02
0-2.5 —0.0213%0 —0.0179%! —0.0179%1 —0.0179% —0.0072%%  0.007%0L  0.01%5%2  0.022%

04-06 25-6 —0.081%9% _0,06709 _0,03+002 _002+%9% _000t%0 0011004 0.0310.06 0.04109°

—0.04 —0.04 —0.03 —0.02 —0.01 —0.01 —0.02 —0.02
+0.03 +0.02

6  —0.1675%% —0.1570:92

0-25 —0.01+901 _0,01+%0L ~ _0.01+%%L  _0.007%%2  0.0072% 0.011092

—0.01 —<0.01 —<0.01 —<0.01 —<0.01 —<0.01

+0.03 +0.03 +0.02 +0.02 +0.02 +0.02 +0.02 +0.01
>06  25-6 —0.080% -0.0773% -0.0410%2 -0.02%3%2 -0.017392 —0.01*5%2  0.0019%2  0.00%39}

The difference between the actual and measured magnitude m for local model galaxies. Single Sérsic
fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) B/T range.
Col. (2) The subsamples selected based on different ranges of Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N.
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Galaxies Rescaled to 2 = 2

Figure 3.7 shows the results of fitting rescaled disk galaxies with a single Sérsic component.
The trends are similar to the results for local disk galaxies (Fig. 3.5), but Tables 3 and 4 show
that at high S/N the systematic offsets are smaller for rescaled galaxies. As a result of rescaling
the size of local galaxies to mimic galaxies at higher redshift, the structural non-homologies are
mostly washed out and single-component fits, in fact, return more reliable fits. This can be seen
in Figure 3.6 (middle panels) and Figure 3.8 (top panels).

Another noticeable difference between the results of local and rescaled model galaxies is
the higher fraction of single-component fits with n > 6 for more bulge-dominated galaxies.
We consider these fits to be unreliable. The fraction of unreliable fits are 8%, 20%, 7%, and
<4% for galaxies with B/T < 0.2, 0.2-0.4, 0.4-0.6, and >0.6, respectively. Figure 3.8 (botton
panels) shows that for rescaled galaxies the S/N can be so low that it even affects the innermost
part (i.e., bulge) of the galaxy. Note that, in order to mimic higher redshift observations, the
range of S/N is different (lower) for rescaled galaxies. On the other hand, as a result of more
homologous light distribution, the fraction of single-component fits with n > 6 is lower for

rescaled galaxies with B/T < 0.4.

3.3.2 Fitting Disk Galaxies with Two Components
Measuring B/T and Total Luminosities

Local Galaxies Figure 3.9 shows the results of measuring the total luminosity of the bulge and
disk and B/T for galaxies with three different methods: Sérsic + exponential disk, two Sérsic
components, and n=4 + exponential disk. For disk-dominated galaxies (left column), B/T and
bulge and disk luminosities can be measured robustly, independent of the method. For galaxies
with larger B/T, Figure 3.9 shows that fixing the bulge Sérsic index to incorrect values can
lead to considerable biases, especially for galaxies with intermediate B/T (0.4 < B/T < 0.6);
while the bulge flux contribution is significant, its light distribution does not necessary follow

a de Vaucouleurs profile. However, fitting model galaxies with a free Sérsic + exponential disk
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Figure 3.7: Single-component Sérsic fits of more than 30,000 disk galaxies rescaled to z = 2. The
sky component was left as a free parameter. Different rows show the offsets between the mea-
sured and the actual effective radius R, of galaxies with different B/T; the different columns
show three intervals in Sérsic index. Cyan solid circles/solid lines, red open squares/dotted
lines, and light green solid triangles/dashed lines show the results of best-fit models with n
< 2.5,2.5 <n <6, and n = 6, respectively. The dark green points show the models with n
> 6. The black solid and dashed lines indicate the median and 10 uncertainties of different
measurements. The downward-pointing arrows on the top of each subpanel indicate the S/N
of a galaxy with R, ~ 5 pixels, e = 0, and m, = 19.5 or 26.5. Comparing dark and light green
points shows that refitting single Sérsic fits with n > 6 by fixing the Sérsic index to n = 6 leads
to significant improvement.
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Figure 3.8: The effects of S/N on the reliability of galaxy fitting. The different panels show
surface brightness profiles of simulated galaxies rescaled to g = 2, with B/T = 0.30 and 0.60
at three different values of S/N. Open black and open red points show the light distributions
of model galaxy and best-fit model at any given S/N. Magenta dash-dotted and blue dashed
lines show the actual bulge and disk light distribution of the model galaxy. Comparing this
figure with Figure 3.6 shows that rescaling the local galaxies to higher redshift weakens the
structural non-homologies, and single-component models return more reliable fits (top panels).
Furthermore, for rescaled galaxies the S/N can be so low that it even affects the innermost part
(i.e. bulge) of the galaxy and therefore leads to unreliable single-component fits (lower panels).
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Table 3.3: Size Offsets for Disk Galaxies Rescaled to g = 2

S/N
B/T n 100-175 175-315 315-565 565-1000 1000-1750 17503150 3150 -5650 5650 — 10000
€D) (2 (3 @ () (6) &) () 9) (10
0-2.5 —0.017017 —0.041007 —0.067303 —0.051092 —0.047052  —0.027001  —0.017991  —0.00750:0
<02  25-6 —0.20%03% —0.20701) —0.17739% —0.147004  —0.10%003  —0.0773%)  —0.057301
6 —0.41702° —0.407015 —0.417002
0-25 014751 —0.0250;  —0.01%55  —0.017 5550
02-04 25-6 —0.11%022 —0.13%01% —0.14%307 —0.12750° —0.08709%  —0.057092 —0.03105)  —0.01%0¢01
6  —0.1870% —0.217012 —0.22%007 —0.22709¢  —0.23*0-%4
0-25 0107078  0.041057  0.00%004 —0.017391 —0.017391  —0.01750% —0.0075000  —0.0075999
0.4-0.6 25-6 —0.03%0)> —0.07%3% —0.06%3%° —0.05759% —0.047592 —0.02703) —0.01705  —0.01%0¢01
6  —0.187022 —0.197011 —0.157008
0-25 0.13%22 0071005 0011005 —0.01739% —0.01739) —0.01750% —0.017500)  —0.0075999
>06  25-6 —0.09707% —0.08%01) —0.05%00> —0.057392 —0.0470%2  —0.03709] —0.021051  —0.01%0¢01

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) B/T range.

Col. (2) The subsamples selected based on different ranges of Sérsic index (n).

Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N.
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Table 3.4: Magnitude Offsets for Disk Galaxies Rescaled to z = 2

S/N
B/T n 100-175 175-315 315-565 565-1000 1000-1750 1750-3150 3150 - 5650 5650 — 10000
) @ 3 @ (5) O] @) (8 &) (10)
0-25 —0.07739) —0.037331  —0.007001  0.027092  0.047092 0.067003 0.0610:53
<02  25-6 —02370%7 0167095 —0.107004 —0.047022  0.01%592  0.06700)
6  —0.3670%7 —0.34700¢ —0.28700%
0-25 0.031391  0.06130 0.0810:04
02-04 25-6 —0.1773001 —0.15739% —0.087592 —0.047003  0.00%052  0.047053  0.0673%  0.0875%3
6 —0.18739% —0.19%0%2 —0.1873%: —0.16%503 —0.12%0%2

+0.01 +0.01 +0.01 +0.01 +0.01 +0.01 +0.02 +0.02
0-2.5 —0.0213%0 —0.0179%! —0.0179%1 —0.0179% —0.0072%%  0.007%0L  0.01%5%2  0.022%

04-06 25-6 —0.081%9% _0,06709 _0,03+002 _002+%9% _000t%0 0011004 0.0310.06 0.04109°

—0.04 —0.04 —0.03 —0.02 —0.01 —0.01 —0.02 —0.02
+0.03 +0.02

6  —0.1675%% —0.1570:92

0-25 —0.01+901 _0,01+%0L ~ _0.01+%%L  _0.007%%2  0.0072% 0.011092

—0.01 —<0.01 —<0.01 —<0.01 —<0.01 —<0.01

+0.03 +0.03 +0.02 +0.02 +0.02 +0.02 +0.02 +0.01
>06  25-6 —0.080% -0.0773% -0.0410%2 -0.02%3%2 -0.017392 —0.01*5%2  0.0019%2  0.00%39}

The difference between the actual and measured magnitude m for model galaxies rescaled to z = 2.
Single Sérsic fits with n > 6 are refitted by fixing the Sérsic index to n = 6.

Col. (1) B/T range.
Col. (2) The subsamples selected based on different ranges of Sérsic index (n).
Col. (3-10) Equally (in logarithmic space) spaced intervals of S/N.
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(cyan points) and even two Sérsic components (green points) results in robust luminosity and
B/T determinations.

Previous studies have shown that not all disks follow an exponential light distribution (e.g.,
Boroson 1981), and therefore it is useful to know how well one can measure the Sérsic index
and subsequent properties of the disk component, in case the disk has n different from 1.
Comparing the cases where the disk is set to n = 1 versus n = free in Figure 3.9, we find that
although in general the uncertainties are lower for n = 1, at higher S/N the results of n = 1
and n = free are comparable. This implies that, as known, the disk component need not follow

a pure exponential function, in oder to find a reliable bulge+disk model fit.

Rescaled Galaxies to 2 = 2  As expected, the measurements are more uncertain for high-z
galaxies (Fig. 3.10), as their bulges typically have R, smaller than one pixel, and, besides, struc-
tural non-homologies are mostly washed out (Fig. 3.8). However, by employing different fitting
methods, B/T can be measured with no significant bias for S/N of a few 100, values typical
of actual HST observations of compact massive galaxies (e.g., Szomoru et al. 2012). Similar to
the result for local galaxies, for galaxies with very small B/ T, any of the methods yields reliable
results; however, for galaxies with higher B/T, it is best to fit the bulge component with a free

n to mitigate systematic biases, even if the biases are smaller compared to local galaxies.

Measuring Bulge Properties

Local Galaxies Figure 3.11 reinforces the conclusions drawn from Figure 3.9. Sérsic + ex-
ponential and Sérsic + Sérsic models can measure bulge properties with high accuracy. Figure
3.11 shows that n = 4 4 exponential is not a reliable model as it leads to biases in bulge size

measurements. Furthermore, any information on bulge n is lost.

Galaxies Rescaled to 2 = 2  Figure 3.12 shows that for high-z galaxies with B/T < 0.4,
measuring the bulge properties is vulnerable to large uncertainties and systematic offsets inde-

pendent of the fitting method. Note that the bulge effective radius of these galaxies are all less
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Figure 3.9: Measuring total luminosity of the bulge and disk and B/T of about 30,000 local
disk galaxies with three different models: Sérsic + exponential disk (Ser+exp; cyan points),
two Sérsic components (Ser+Ser; green points), and n4 + exponential disk (n4+exp; red
points). Vertical panels show the results for different ranges of B/T, increasing from from left
to right. Horizontal panels, from top to bottom, show the measurement offsets for B/ T, bulge
magnitude m;, and disk magnitude m,, respectively. The black solid and dashed lines indicate
the median and 1o uncertainties of different measurements. The downward-pointing arrows
on the top of each subpanel indicate the S/N of a galaxy with R, ~ 15 pixels, e = 0, and m, =
9.5 or 16.5.
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Figure 3.10: Measuring total luminosity of the bulge and disk and B/T of about 30,000 disk
galaxies rescaled to z = 2 with three different models: Sérsic + exponential disk (Ser+exp; cyan
points), two Sérsic components (Ser+Ser; green points), and n4 + exponential disk (n4+exp;
red points). Vertical panels show the results for different ranges of B/ T, increasing from from
left to right. Horizontal panels, from top to bottom, show the measurement offsets for B/T,
bulge magnitude m;, and disk magnitude my, respectively. The black solid and dashed lines
indicate the median and 1o uncertainties of different measurements. The downward-pointing
arrows on the top of each subpanel indicate the S/N of a galaxy with R, ~ 5 pixels, e = 0, and
my = 19.5 or 26.5.
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Figure 3.11: Measuring bulge properties of about 30,000 local disk galaxies with three different
models: Sérsic + exponential disk (Ser+exp; cyan points), two Sérsic components (Ser+Ser;
green points), and n4 + exponential disk (n4+exp; red points). Vertical panels show the
results for different ranges of B/T, increasing from from left to right. Horizontal panels, from
top to bottom, show the measurement offsets for bulge effective radius R,, Sérsic index ny, and
ellipticity e;. The black solid and dashed lines indicate the median and 1o uncertainties of
different measurements. The downward-pointing arrows on the top of each subpanel indicate
the S/N of a galaxy with R, ~ 15 pixels, e = 0, and m, = 9.5 or 16.5.
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than 0.5 pixel and thus unresolved. However, for model galaxies with B/T > 0.4 and at S/N
of compact massive galaxies observed at high z, the bulge properties can be measured reliably.

As expected, the Sérsic index is most vulnerable to large uncertainties.

Measuring Disk Properties

The number of pixels that each component occupies affects the robustness of the fit. The disk
component, being intrinsically larger than the bulge, is therefore easier to measure than the
bulge. Figure 3.13 demonstrates this fact. All methods can measure the disk properties of
local galaxies with no systematic offsets over a wide range of S/N. The only exception is when
the n=4-+exponential model is used for galaxies with higher B/T; this method causes ~10%
systematic offsets. The middle panel of the figure shows that the Sérsic+Sérsic model can
measure the disk Sérsic index robustly.

Figure 3.14 shows that even for galaxies rescaled to z = 2, disk properties can be measured
with little to no systematic offsets and with low uncertainties at the S/N pertinent to massive

compact high-z galaxies.

3.4 Comparison to Other Studies

Our results generally agree well with those of other similar recent studies. Using a spectro-
scopically selected sample of galaxies selected from SDSS, Meert et al. (2013) show that single-
component Sérsic fits of two-component (bulge + disk) simulated galaxies can lead to system-
atic biases in size measurements (their Fig. 8b), but the offsets are small, generally <10% over
a wide range of galaxy sizes. This is consistent with our simulations of local galaxies: Tables
1 and 2 show that for our disk-dominated and bulge-dominated model galaxies the systematic
offsets are less than 10%, and for model galaxies with more prominent non-homology the off-
sets can be as large as 20%. However, for very low S/N (i.e., a few hundred) the systematic

offsets can be even larger.
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Figure 3.12: Measuring bulge properties of about 30,000 disk galaxies rescaled to z = 2 with
three different models: Sérsic 4+ exponential disk (Ser+exp; cyan points), two Sérsic com-
ponents (Ser+Ser; green points), and n4 + exponential disk (n4+4exp; red points). Vertical
panels show the results for different ranges of B/ T, increasing from from left to right. Hori-
zontal panels, from top to bottom, show the measurement offsets for bulge effective radius R,,
Sérsic index n;, and ellipticity e;. The black solid and dashed lines indicate the median and
10 uncertainties of different measurements. The downward-pointing arrows on the top of each
subpanel indicate the S/N of a galaxy with R, ~ 5 pixels, e = 0, and my = 19.5 or 26.5.
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Figure 3.13: Measuring disk properties of about 30,000 local disk galaxies with three different
models: Sérsic + exponential disk (Ser+exp; cyan points), two Sérsic components (Ser+Ser;
green points), and n4 + exponential disk (n4+exp; red points). Vertical panels show the results
for different ranges of B/T, increasing from from left to right. Horizontal panels, from top to
bottom, show the measurement offsets for disk scale length h, Sérsic index ny, and ellipticity
eq- The black solid and dashed lines indicate the median and 1o uncertainties of different
measurements. The downward-pointing arrows on the top of each subpanel indicate the S/N
of a galaxy with R, ~ 15 pixels, e = 0, and m, = 9.5 or 16.5.
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Figure 3.14: Measuring disk properties of about 30,000 disk galaxies rescaled to z = 2 with three
different models: Sérsic + exponential disk (Ser+exp; cyan points), two Sérsic components
(Ser+Ser; green points), and n4 + exponential disk (n4+exp; red points). Vertical panels show
the results for different ranges of B/T, increasing from from left to right. Horizontal panels,
from top to bottom, show the measurement offsets for disk scale length h, Sérsic index ny, and
ellipticity e;. The black solid and dashed lines indicate the median and 1o uncertainties of
different measurements. The downward-pointing arrows on the top of each subpanel indicate
the S/N of a galaxy with R, ~ 5 pixels, e = 0, and my = 19.5 or 26.5.
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Meert et al. (2013), again in agreement with our findings, show that fitting local bulge+disk
model galaxies with two components result in more reliable fits and measured structural pa-
rameters (their Figs. 9 and 10), as the systematic offsets are close to zero over a wide range
of apparent magnitude (i.e., S/N). They also find that disk parameters can be measured more
accurately compare to those for the bulge (Fig. 3.13). The parameter most vulnerable to large
uncertainties is n;, confirming our findings (Fig. 3.11).

Meert et al. (2013) further examined the effects of image size on the accuracy of GALFIT
sky determination. They find (their Figs. 12, 14, and 15), as we do, that GALFIT can measure
the sky value with an accuracy of 0.1%. Our simulations indicate that when the images are
large enough (i.e., 10-15 times larger than effective radius of the galaxy), the sky component
can be set as a free parameter for GALFIT modeling.

The simulations of Mosleh et al. (2013) show that size measurements done by two-component
Sérsic fits are more reliable than single Sérsic fits. They found that for local massive, red, early-
type galaxies (their Fig. 3), single-component fits overestimate the size. This bias goes away
for their redshifted galaxies, consistent with our findings. Rescaling galaxies to higher redshifts
washes out the structural non-homology and therefore single Sérsic fits can model the galaxy
light profile better.

In general, our results confirm the findings of Meert et al. (2013) and Mosleh et al. (2013).
Furthermore, our simulations, for the first time, provide a detailed study of GALFIT modeling
of galaxies with a wide range of B/T and S/N. For instance, our results show that for different
methods (i.e. Sérsic+exponential, n=4-+exponential), the reliability of the fits varies for differ-
ent values of B/T. Knowing the optimum method for a specific value of S/N and B/T offers a

roadmap for a variety of structural analysis.

3.5 Implications for Red Nuggets

Our simulations provide a metric for quantifying the uncertainties in measuring the properties

of the red, massive galaxies at 2 = 2. These peculiar objects are found to be generally compact
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(R, < 2.0 kpc). They mainly have Hq¢n < 23, with a small fraction having Hygy ~ 23 —
24 (Szomoru et al. 2012). This translates to high S/N (= 100) for typical single-orbit HST
exposures.

Several previous studies have shown that if the light distributions of red nuggets follow a
single Sérsic profile, at the S/N that these galaxies are observed, the structural parameters and
the total luminosity can be measured accurately (e.g., Haussler et al. 2007; Trujillo et al. 2007;
Cimatti et al. 2008; Szomoru et al. 2010; van Dokkum & Brammer 2010; Williams et al. 2010;
Papovich et al. 2012; van der Wel et al. 2012; Meert et al. 2013; Mosleh et al. 2013; Davari et
al. 2014).

On the other hand, the structural non-homologies can lead to biases in size measurements
using single-component fitting (a popular method). Davari et al. (2014) found that if the red
nuggets have structures similar to those of local massive elliptical galaxies, single Sérsic fits
return reliable size (with about 10% systematic offsets) and total luminosity measurements.
In this paper, we further extend previous work by examining the potential biases of single-
component size measurements of red nuggets, assuming that their light distributions resemble
that of late-type, disk galaxies. Our work is motivated by the possibility that red nuggets contain
a significant disk component. We are interested in knowing whether the presence of a disk
affects the overall size and luminosity measurements of red nuggets, as well as the prospects of
decomposing the bulge and disk components, to study derive their structural parameters and
eventually their redshift evolution.

Figure 3.7 and Tables 3 and 4 show the best-fit results of the single-component Sérsic fits
of the bulge+disk galaxies. With adequate S/N (> 100, comparable to red nuggets studied in
CANDELS), the presence of a disk has an insignificant effect (a few percent underestimation)
on their sizes. This holds over a wide range of sizes (1 < R, < 25 pixels). At much lower
S/N values (e.g., < 50), the systematic offsets are about 20%, which is still insignificant com-
pared to the estimated amount of evolution (200%-500%). Conclusion: if red nuggets have
structures similar to those of local spiral galaxies, single-component Sérsic fits of these galax-

ies measure their global sizes robustly. Furthermore, Table 4 shows that the total luminosity
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of the bulge+disk galaxies can be measured very accurately, too. The Sérsic indices of the
best-fit single-component models can be an indicator of the B/ T of the galaxy (Fisher & Drory
2008). We found that, at the S/N of observed red nuggets, all the best-fit models with n < 2
have B/T < 0.3. It is more difficult to physically interpret fits with n ~ 4, as it can indicate
either a high B/T or a galaxy with moderate B/T (e.g., ~0.4) and moderately low S/N (Fig.
3.6, middle panels). Lower values of Sérsic indices are more informative and less difficult to
interpret.

We also examine how well one can measure the B/T of disk galaxies and the reliability of
the resulting parameters for the bulge and disk components. Figure 3.10 shows that for galaxies
with B/T > 0.2 and at the S/N pertinent to red nuggets, B/T can be accurately measured from
fitting a Sérsic 4+ exponential disk model.

The properties of bulges can be measured robustly in galaxies with B/T > 0.4 and with little
to no systematic offsets but with large uncertainties in those with 0.2 < B/T < 0.4 (Fig. 3.12).
The best strategy is to leave the Sérsic index of the bulge free, while adding an exponential
component for the disk. Fixing the bulge Sérsic index to n = 4 introduces systematic biases,
apart from removing any information on n. And for galaxies with smaller B/T, measuring the
bulge properties is hopeless. This limitation comes from the fact that most of the bulges in this
regime have effective radii less than half a pixel. For well-resolved bulges, even at very low
B/T, the bulge properties can be measured well.

The properties of the disk are easiest to measure and least subject to serious systematic
error (Fig. 3.14). This is expected, as the disk component is the most extended and is least
effected by the PSE As for the case of the bulge mentioned above, the best strategy is to set
the bulge Sérsic index free while fixing the disk to an exponential. Of course, this imposes the

assumption that the disk follows an exponential light distribution.
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3.6 Summary

A considerable fraction of the compact, red massive galaxies at z ~ 2 may have a disk com-
ponent. This motivated us to simulate mock observations of model galaxies to investigate the
extent to which a disk component, if present, can be detected under realistic conditions typical
of actual observations.

The simulated bulge+disk galaxies span a uniform and wide range of B/T, and we con-
strain the disk and bulge components to follow empirical scaling relations established for local
galaxies. We then rescale these z ~ 0 galaxies to mimic the S/N and sizes of galaxies observed
at z ~ 2. This provides the first set of simulations that allows us to examine the robustness of
two-component image decomposition of compact disk galaxies at different B/ T.

First, we measure the basic structural parameters using single Sérsic fits, with special em-
phasis on their sizes. This analysis method is popularly employed in the literature. We then
study the robustness of different methods of bulge+disk decomposition of these composite
galaxies. Furthermore, we assess the effectiveness of different sky background fitting methods.

For the range of S/N and sizes pertinent to red nuggets, we conclude:

Modeling bulge+disk galaxies with a single Sérsic component does not bias the sizes too
low, by no more than 10%. The apparent compactness of red nuggets is real; it is not the
result of missing faint, outer light. However, single-component fits of galaxies with low

B/T preferentially leads to relatively larger biases in size and luminosity.
e The B/T can be measured accurately, regardless of the B/T.

e Bulge properties of galaxies with B/T 2 0.4 can be measured robustly. This becomes

increasingly difficult for galaxies with B/ T below this limit.

o Disk properties are subject to the least amount of systematic and random error, regardless

of the B/T.

e Fits with Sérsic indices larger than 6 have larger uncertainties and can cause significant

systematic errors. Refitting these galaxies by fixing n to 6 provides more reliable results.
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e GALFIT can measure the sky value accurately when enough background pixels are avail-
able at high S/N. At low S/N, fixing the sky value during the fitting reduces systematic

€Irrors.
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Chapter 4

Detection of Prominent Stellar Disks in
the Progenitors of Present-day Massive

Ellipticals

Abstract

Massive galaxies at higher redshifts, z > 2, show different characteristics than their local coun-
terparts. They are compact and most likely have a disk. Understanding the evolutionary path
of these massive galaxies can give us some clues on how the universe has been behaving in
the last 10 billion years. We trace the evolution of local massive galaxies by performing de-
tailed morphological analysis, namely, single Sérsic fittings and bulge+disk decompositions.
CANDELS images and catalogues offer an ideal dataset for this study. We analyze about 250
massive galaxies selected from all CANDELS fields (COSMOS, UDS, EGS, GOODS-South and
GOODS-North). We confirm that both star-forming and quiescent galaxies have increased their
sizes significantly within O < z < 2.5. The global Sérsic index of quiescent galaxies has in-
creased over time (from n ~ 2.5 to n > 4), while for star-forming galaxies, it stays almost intact
(n ~ 2.5). The bulge+disk decompositions reveal that massive galaxies at higher redshifts

have prominent stellar disks. Furthermore, a considerable fraction of our sample have visually
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detectable spiral structures or a thin disk, which further confirms that high-z massive galaxies
have a prominent stellar disk. By z ~ 0.5, massive quiescent galaxies begin to resemble the
local elliptical galaxies. Star-forming galaxies have lower B/T at each redshift bin. Bulges of
star-forming and quiescent galaxies follow different evolutionary trajectories, while their disks
evolve similarly. We argue that major mergers, along with minor mergers, have played a crucial
role in the significant size increase of high-z galaxies and the destruction of their massive and

large-scale disks.

4.1 Introduction

Several studies have shown that at z &~ 2 a considerable fraction of the massive galaxies (M, ~
10! M) are compact compared to their local counterparts (e.g., Daddi et al. 2005; Toft et al.
2007; Trujillo et al. 2007; Buitrago et al. 2008; Cimatti et al. 2008; Franx et al. 2008; van der
Wel et al. 2008; van Dokkum et al. 2008; Damjanov et al. 2009; Hopkins et al. 2009; Cassata
et al. 2010, 2011; Mancini et al. 2010; Newman et al. 2012; Szomoru et al. 2012; Barro et al.
2013; Williams et al. 2014). The rarity of compact massive galaxies at the present time implies
a considerable size increase in the last 10 billion years (van Dokkum et al. 2008; Trujillo et al.
2009; Taylor et al. 2010; van Dokkum et al. 2010; but see Saracco et al. 2010; Valentinuzzi
et al. 2010; Ichikawa et al. 2012; Poggianti et al. 2013). Recent comprehensive simulations
found that the commonly used methods for measuring the sizes of these galaxies (single Sérsic)
is reliable (e.g., Mosleh et al. 2013; Davari et al. 2014; Davari et al. 2015), despite the fact that
their sizes are comparable to the size of the Hubble Space Telescope (HST) point-spread function
(PSF).

A number of studies have revealed the presence of a stellar disk in these high redshift
massive galaxies (van der Wel et al. 2011; Chang et al. 2013; Patel et al. 2013; Bruce et al.
2014). This may come as a surprise as at the local universe, almost all the massive galaxies
are ellipticals (van der Wel et al. 2009; Baldry et al. 2012). But considering the fact that

during the early universe, the galaxies gas content was higher (Naoz & Barkana 2007; Carilli
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& Walter 2013) and therefore gas-rich mergers were more common, it is plausible to observe
rotationally supported massive galaxies at those redshifts (Robertson et al. 2006, Ueda et al.
2014). Therefore, besides the observational evidence, tracing back the formation history of
local massive ellipticals can give us some clues on why their progenitors may commonly have a
disk component (Barro et al. 2013; Toft et al. 2014; van Dokkum et al. 2015).

Local massive elliptical galaxies are found to be old and have a high a/Fe ratio (Thomas
et al. 2005) which indicates a short formation timescale at the early epochs. Thomas et al.
(2005) show that the the stellar populations of the local massive elliptical galaxies have formed
as early as z = 3 — 5. They claim that the star formation timescales of these massive galaxies,
derived from their high a/Fe ratio, are not more than just a few 100 million years. At z ~
3, using constant cumulative number density (van Dokkum et al. 2010; Patel et al. 2013),
these galaxies are found to be as massive as 5 x 101 My or more. That means, during that
quick mass build up period, these galaxies average star formation rate (SFR) was about several
100 Mg /yr. In other words, these galaxies have experienced an early episode of violent star
formation (i.e., star burst). Gas-rich major mergers are a plausible responsible mechanism for
this burst.

Another study which supports this scenario is presented by Toft et al. (2014). They claim
that massive red and compact galaxies at z ~ 2, the so-called “red nuggets,” are the direct
descendants of the submillimeter galaxies (SMGs; Blain et al. 2002) at z > 3. SMGs are
amongst the most luminous, rapidly star-forming galaxies known, with luminosities greater
than 10'2 L, and SFRs of about 10? — 10% M, /yr. (e.g., Kovécs et al. 2006; Coppin et al. 2008;
Chapman et al. 2010; Magnelli et al. 2010a; Michatowski et al. 2010; Magnelli et al. 2010b;
Michatowski et al. 2012). Toft et al. (2014) show that the mass-size distribution of these two
classes are similar, besides their mean stellar mass surface density. Both types are best fit by low
Sérsic indices. Commonly found SMGs with double peaked CO profiles can be the indicators of
major mergers, besides rotation (Frayer et al. 1999; Neri et al. 2003; Sheth et al. 2004; Kneib
et al. 2005; Greve et al. 2005; Tacconi et al. 2006; Riechers et al. 2011; Ivison et al. 2013).

Toft et al. (2014) show that the majority of SMGs have multiple components or irregularities
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indicative of ongoing merging and/or clumpy structures. They concluded that red nuggets are
the result of gas-rich mergers (Wuyts et al. 2010; Wellons et al. 2015) which led to starbursts.
Subsequently, these galaxies are quenched as a result of gas exhaustion, feedback from the
starburst, or the ignition of an AGN (Sanders et al. 1988; Hopkins et al. 2006; Wuyts et al.
2010). Besides, the fact that the high-z massive galaxies are compact hints at the necessity of
high dissipation on a short timescale (e.g., Naab et al. 2007) which again supports the need for
gas-rich major mergers.

Classically, major mergers are believed to transform disky galaxies to bulge-dominated
galaxies (Toomre 1977; Barnes & Hernquist 1992). However, more recent and comprehen-
sive simulations show that this may not be always the case. In fact, gas-rich major mergers
are commonly found to produce disk-dominated galaxies (Barnes 2002; Robertson et al. 2006;
Robertson & Bullock 2008; Hopkins et al. 2009). These disks are believed to form as a result
of the gas content that does not lose significant angular momentum during the major merger
(Springel & Hernquist 2005). Hopkins et al. (2009) argue that a higher gas fraction increases
the chance of forming a disk. In fact, Ueda et al. 2014, by conducting a CO study of 30 local
merger remnants, find that the majority of the remnants show kinematical signatures of rotat-
ing molecular gas disks. Furthermore, Targett et al. (2013) find that more than 95% of the
SMGs (remnants of gas-rich mergers) are either pure disk or disk-dominated. Their Figure 6
shows the wide range of their SMGs axial ratio distribution which rejects the possibility of being
dominantly round (i.e., with no disk component).

Therefore, it is expected to observe large-scale stellar disks among the high-z massive galax-
ies. This hypothesis is attested by a number of studies. van der Wel et al. 2011 show that 50%
of their massive galaxies at z > 2 are disk-dominated. Similarly, Chang et al. (2013) find that
massive galaxies at z > 1 have higher axial ratios than their lower redshifts counterparts. Patel
et al. (2013) claim that between redshifts 3 and 0, galaxies have become noticeably rounder.

Now the question remains: how have these red, compact, massive, and most likely disk-
dominated galaxies at z &~ 2 turned into local ginats like M87? We aim to trace this morpho-

logical transition and fill in the blank. We do so by performing reliable 2D modeling of the
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light distributions of massive galaxies within 0.5 < z < 2.5. Besides performing a simple single
Sérsic fitting, when possible, a bulge+disk decomposition of these massive galaxies is executed.
Examining the bulge and disk properties, plus the luminosity bulge-to-total ratio (B/T), pro-
vides key indicators that can be missed by studying a bulge+disk galaxy as a single system. For
instance, Bruce et al. (2014) have performed a comprehensive morphological analysis and find
that massive galaxies transition from disk-dominated to bulge-dominated between z = 3 and 1,
but the emergence of elliptical-like galaxies takes place at lower redshifts. Bruce et al. (2014)
bulge+disk decomposition is done by fixing the Sérsic index of the bulge and disk to n=4 and
n=1, respectively. In other words, it is assumed that all bulges follow a de Vaucouleurs light
profile. Davari et al. (2015) simulations show that this method can lead to biases in measur-
ing the properties of the bulge and the disk, depending on the size and redshift of the galaxy.
Besides, by fixing the bulge Sérsic index, one cannot tell how the bulge density and shape is
evolving, and an important piece of information is lost. For our study, we use n=free+n=1
method which is shown to be a more reliable method for decomposing a galaxy into its bulge
and disk components (Davari et al. 2015).

The Cosmic Assembly Near-infrared Deep Extragalactic Legacy Survey (CANDELS)! (Grogin
et al. 2011; Koekemoer et al. 2011), one of the largest projects in the history of Hubble, have
provided an unprecedented chance of these types of morphological studies. In fact, one of the
original science goals of CANDELS is tracing the bulge and disk growth in the rest-frame optical
observations at 1 < z < 3 (see Grogin et al. 2011, “Cosmic High Noon”). We take advantage
of all wide and deep images taken in the infamous five widely separated fields; GOODS-South
& GOODS-North (The Great Observatories Origins Deep Survey; Giavalisco et al. 2004), UDS
(UKIDSS Ultra-Deep Survey; Lawrence et al. 2007), COSMOS (The Cosmic Evolution Survey;
Scoville et al. 2007a; Scoville et al. 2007b), and EGS (The Extended Groth Strip; Davis et al.
2007). This yields a statistically uniform and robust sample which further mitigates the cosmic
variance.

We address three key questions:

'http://candels.ucolick.org/
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1) How does the size and shape of the light distribution (Sérsic index) of star-forming and
quiescent massive galaxies evolve?

2) Do the high redshift massive galaxies have a stellar disk component? If yes, how signifi-
cant is their B/ T evolution in the last 10 billion years?

3) What can be learned from the evolution of bulges and disks about the evolutionary
passage of massive galaxies?

Our findings show that the massive galaxies were compact and indeed more disk-dominated
at higher redshifts and became more bulge-dominated over time. Their local counterparts,
massive elliptical galaxies, don’t have a large-scale disk. Therefore, major mergers, besides the
minor mergers, have played an important role in the significant size increase of high-z galaxies
and the destruction of their massive and large-scale disks.

This paper is organized as follows. In Section 2, the details of the sample definition are pro-
vided and the employed techniques are described in Section 3. The morphological analysis are
presented in Section 4. In Section 5, implications of our results are discussed, and a summary
is listed in Section 6. Results are based on a standard cosmology (H, = 71 km™ts™!Mpc™!, Q,,

= 0.27, and Q) = 0.73) and AB magnitudes.

4.2 Sample Definition

We utilize CANDELS images and catalogues. Besides their high quality near-IR photometry
taken with HST/WFC3, CANDELS observations are complemented with HST/ACS deep visible
images, mid-IR with Spitzer Space Telescope, and in the ultraviolet with ground-based obser-
vations. This provides a reliable dataset for the photometric redshift and mass measurements.
The photometric redshifts are computed by combining eleven separate measurements ex-
plained in Dahlen et al. (2013). Each group used a different combination of photometric red-
shift code, template spectral energy distributions (SEDs), and priors. TFIT (Laidler et al. 2007)
is used to derive the employed photometry components (from U band to mid-infrared). They

found that the median Az/(1 + zpe.) < 0.01 (Where Az = 2, - Zppo) With the RMS of about

pec
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0.03. As this study is mostly concerned with broad evolutionary trends between z ~ 2.5 to 0.5,
precise redshifts for individual objects are not essential to our analysis.

The stellar masses are the median of estimated stellar masses from ten different teams
within CANDELS, who used the same photometry and redshifts estimates but with their pre-
ferred fitting codes, assumptions, priors, and parameter grid (Mobasher et al. 2015; Santini
et al. 2015). Santini et al. (2015) show that, for massive galaxies, there is a good agreement
between CANDELS and 3D-HST (Skelton et al. 2014). Mobasher et al. (2015) perform ex-
tensive simulations for quantifying the different sources of errors and uncertainties, using the
ten independent methods and mock galaxy catalogues with a range of redshifts, masses, and
SEDs. They concluded that different methods have comparable scatter, o (Alog(M)) = 0.136
dex (where Alog(M) = 10g(Mestimated) - 108(Myciuar)), With no significant bias.

We employ the CANDELS H band images and the accompanied catalogues for the visible
rest-frame analysis of the massive galaxies evolution within 0.5 < z < 2.5. The high resolution
(pixel scale = 0.06”), high 50 limiting magnitudes (~ 27 mag), and coverage of the five
most studied fields (COSMOS, UDS, EGS, GOODS-South and GOODS-North) make this dataset
unique and ideal for our photometric analysis.

The most massive galaxies at local universe are almost all quiscent (Baldry et al. 2012).
This is not the case at earlier epochs (Whitaker et al. 2011). This means that the massive star-
forming galaxies have all quenched over time. Therefore, for tracing back the formation of local
massive ellipticals and gleaming a bigger picture, quantifying the evolution of both quiescent
and star forming galaxies are required. We use UVJ color-color diagram which can separate
quiscent galaxies from reddened star-forming galaxies (see, e.g. Labbé et al. 2006; Wuyts et al.
2007; Williams et al. 2009; Patel et al. 2013). We use Patel et al. (2013) selection criteria for
distinguishing these two classes of galaxies (Figure 4.1). Quiescent galaxies populate a region

defined by U-V > 1.3,V-J> 1.6, and

U—V>1.08x(V—J)+0.43 (4.1)
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Table 4.1: H Band Selected Sample

Redshift Bin log(M/M,q4.) N Quiescent Fraction
1) (2) (3)
0.5<2z<1.0 11.02-11.27 31 0.4140.09
1.0<2<1.5 10.95-11.20 51 0.37£0.08
1.5<2<2.0 10.85-11.10 89 0.45+0.10
2.0<2z<2.5 10.74-10.99 77 0.68+0.10

Massive galaxies selected from five different CANDELS fields; COSMOS, UDS, GOODS-South, GOODS-
North, & EGS.

Col. (1) Stellar mass range based on constant cumulative number density.
Col. (2) Number of galaxies.
Col. (3) UVJ diagram is used for distinguishing quiescent from star forming galaxies.

where U, V] and J are rest-frame magnitude. Rest-frame photometry calculated using the EAZY
photometric redshift code (Brammer et al. 2008) and the templates from Muzzin et al. (2013).
Figure 4.2 and Table 1 show our sample fraction of star-forming and quiescent galaxies at
different redshifts. It can be seen that at z = 2.5 most of the local red massive galaxies were
star-forming galaxies. By z = 1, the majority of massive galaxies are quenched, in agreement
with Brammer et al. (2011) and Patel et al. (2013).

For this study, massive galaxies are selected using the number density selection rather than
using a mass limit. Red nuggets are found to have doubled their mass in the last 10 billion years
(van Dokkum & Brammer 2010). In other words, local massive galaxies were less massive in
the past and could be left out a stellar mass limit selection. Therefore, for tracing back the
evolution of massive galaxies, it is more reasonable to select galaxies at a constant cumulative
number density (van Dokkum & Brammer 2010; Brammer et al. 2011; Papovich et al. 2011;
Patel et al. 2013). We use Patel et al. (2013) criteria for selecting galaxies at a fixed cumulative
number density, n.. Their Figure 2 shows the mass of the galaxies with the cumulative number
density equal to 1.4 x 10™* Mpc 2 between 0.25 < z < 3.0. The chosen n, correspondes to
the number density of galaxies with M, ~ 11.2 M,,, at z = 0 and stellar masses slightly above
the mass completeness limit az z &~ 3. At redshift 0.5 and 2.5, this number density represents
M, ~ 11.1 and 10.8 M,,,, respectively. By taking into account the stellar mass measurements

systematic uncertainties, at each redshift bin, a mass range is determined which corresponds to
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Figure 4.1: UVJ color-color diagram is used for distinguishing quiscent galaxies from star-
forming galaxies. The quiescent galaxies populate the top left region of the diagram.
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Figure 4.2: Fraction of massive star-forming and quiescent galaxies between 0.5 < z < 2.5. UVJ
color-color diagram is used for distinguishing quiscent galaxies from reddened star-forming
galaxies.
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the fixed n.. After removing objects very close to the edge of the images, we are left with about

250 objects. Table 1 shows how many galaxies are in each redshift bin.

4.3 GALFIT Modeling

We use GALFIT 3.0 (Peng et al. 2010) as the main galaxy modeling tool for this study. GAL-
FIT is a popular, powerful, and simple to use image analysis code that is routinely used for
modeling light profile of galaxies and other objects. Out of several commonly used functions in
astronomical studies, we mainly use the Sérsic (1968) function to model the surface brightness

profiles:

R 1/n
Y(R) =1, exp{—K [(R_) - 1:| }, 4.2)

where X, stands for the surface brightness, R, is the half-light radius (i.e., effective radius), n
is the Sérsic index which is related to the shape of the profile, and « is a dependent variable on
n (Ciotti 1991).

Special interest is given to the Sérsic profile in the morphological studies as the infamous
exponential profile (n = 1; Freeman 1970) and the RY/* law (n = 4; de Vaucouleurs 1948) are
the special cases of this profile. These special cases are commonly associated with the disks and
elliptical galaxies & (traditionally) bulges and therefore can be used to roughly quantify the
B/T (i.e., how bulge/disk-dominated a galaxy is). However, modern studies assume a more
general n for bulges (e.g., Blanton et al. 2003; Shen et al. 2003; Bell et al. 2004; Hogg et al.
2004; Ravindranath et al. 2004; Barden et al. 2005; McIntosh et al. 2005; Fisher & Drory
2008).

For performing a GALFIT fitting, a number of components are needed, including: a PSF
model, a sigma image, and (sometimes) a bad pixel mask. For each galaxy, we use the H band
CANDELS Hybrid PSF corresponding to its field (e.g., UDS, COSMOS, and etc.; van der Wel
et al. 2012). These Hybrid PSFs are built by combining a stacked empirical stellar PSF and

a TinyTim (Krist et al. 2011) PSE The CANDELS weight maps are used as the input GALFIT
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sigma images. The postage stamp of each galaxy is more than 10 — 15 times greater than the
size of the galaxy, and as a result, there are several other objects present in that postage stamp.
Therefore, providing a bad pixels file is crucial. We use Davari et al. 2014 method for creating
the bad pixel fits images. In short, SExtractor? (Bertin & Arnouts 1996) is used for detecting the
area occupied by the bright objects in the image. Then, those objects are masked by doubling
the detected areas by SExtractor.

Depending on the type of GALFIT modeling, initial parameters (guesses) can have a big
effect on the fitted model. For single Sérsic fits, unless the initial guesses are so far off the actual
values, the initial parameters do not have a major effect. Regardless, we use 1D light profiles
obtained by IRAF/ellipse (Jedrzejewski 1987) to find reliable initial guesses. By building a
galaxy curve-of-growth, the effective radius and total luminosity can be estimated, as well as
the axial ratio and position angel (for more details see Davari et al. 2014). Using appropriate
initial guesses becomes much more important for the bulge+disk decompositions. For this type
of modeling, we again use the obtained 1D light profiles for estimating the initial guesses.
Assuming that the disk component of galaxies follows an approximately exponential profile, we
look for the straight line part of the galaxy light profile in the logarithmic space. Depending on
the B/T, this region locates two to five times R, away from the center of the galaxy, where the
effect of bulge component is minimal. A fitted straight line to that section of light distribution
(in logarithmic space) provides an estimate for the disk scale length and its central surface
brightness. The obtained total brightness from the single Sérsic is used for finding the total
brightness of the bulge component and therefor B/T. Each galaxy is fitted numerous times
with different initial guesses for bulge R, and n plus all the estimated parameters.

While fitting a single Sérsic might require only a few iterations, bulge+disk decompositions
can require several fits with different initial guesses. The diagnostic plots (explained below)
are a must for evaluating the goodness of a GALFIT fit. Lastly, the fitted sky component is left
as a free parameter and its initial values are set to zero. Davari et al. (2014) and Davari et al.

(2015) show that once the postage stamp is more than 10 times larger than the galaxy, GAFLIT

2http://www.astromatic.net/software/sextractor
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can measure the sky reliably. Figure 4.3 and 4.4 show the diagnostic plot examples used to
examine the goodness of a fit and wether or not a second component is in fact needed. Top left
panels show the mean surface brightness (u) profile of the galaxy, the GALFIT fit model, bulge,
and disk components (in cases of bulge+disk decomposition). Bottom left panels show model
- galaxy mean surface brightness. The error bars in the left panels are calculated using the
image background RMS and galaxy flux measurement error (calculated using ELLIPSE). The
right panels, from top to bottom, show the galaxy, the GALFIT model, and the residual (model
- galaxy), respectively.

Figure 4.3 top right panel makes it clear that the fitted galaxy has spiral arms. The left
panels confirm this fact as there is a non-homology in the galaxy light profile as the single
Sérsic model is trying to capture the most of the combination of two components. Figure 4.3
bottom light profile plots show that the bulge+disk decomposition mimics the light profile of
the galaxy nicely. And not surprisingly, this galaxy is disk-dominated (i.e. B/T = 0.05). On
the other hand, Figure 4.4 shows a case where the galaxy is basically a big bulge and adding a
second component doesn’t improve the model fit significantly. The high B/ T of this galaxy (i.e.
B/T = 0.92) validates this hypothesis.

Davari et al. 2014 and 2015 demonstrate that GALFIT single Sérsic fits with large Sérsic
indices (n > 6) can lead to significant biases, and one way to remedy that is to refit these
galaxies by fixing the n to 6. Note, that before fixing n, it is recommended to try several
different initial guesses for the fit and if the problem persists, then it is safe to proceed with
fixing n. For our study, we follow the same general rule except the diagnostic plots are given
more weight. For example, if fixing n to 4 or 8 gives a better fit and residual than fixing n to 6,
then those values are used. Another common case of unreliable model fits is when the effective
radius of the bulge component drops below 0.5 pixel. For many of these cases, changing the
initial guesses of bulge R, and n leads to a solution with more realistic R, values. But if the
problem persists, bulge R, (or sometimes bulge n or both) will be fixed to different initial values
and the diagnostic plot will determine which values are the most reliable ones.

Using these general rules, less than 10 out ot 250 galaxies could not be modeled reliably

107



. Data

— 20
a - Model
v 21- I
v
22
@]
© 23 ;=07 Y
= ikl %.
— 5 R, =11.4 kpc
i n:23 ’\“."
26- kN
0.5-
3
-0.5 i 2
M o’o.:
‘ ‘ ALY
i (o 10°

20 - Data
~ T . Model
‘U - Bulge
(O] . Disk
2]
| -
U "o
T 23 kY
o ; kS
g 24. 2=0.7 %
11.1 ; ¥,
~ 25 M* :10 M® .;...
= B/T=0.05
26- ‘ e
0.5 ey
i .
3 0.0 - /\.,
-0.5 it
10 10°

log(Semi Major Axis) (arcsec)

Figure 4.3: Diagnostic plots used to examine the goodness of a fit. Top left panels show the
mean surface brightness (u) profile of the galaxy, the GALFIT fit model, bulge, and disk compo-
nents (in cases of bulge+disk decomposition). Bottom left panels show the difference between
the model - galaxy mean surface brightness. The error bars in the left panels is calculated us-
ing the image background value RMS and galaxy flux measurement error using ELLIPSE. The
right panels, from top to bottom, show the galaxy, the GALFIT model and the residual (model
- galaxy), respectively. Top panel makes it clear that the fitted galaxy has spiral arms and the
model is trying to capture the most of the combination of two components (non-homology).
bottom light profile plots show that bulge+disk decomposition mimic the light profile of the

galaxy nicely. 108
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Figure 4.4: Similar to Figure 4.3. This galaxy is basically a big bulge and adding a second

component doesn’t improve the model fit significantly. The high B/T of this galaxy (i.e. B/T =
0.92) validate this hypothesis.

109



and are left out of the following analysis. In most of these cases, the image contains multiple

regions with non-uniform and anomalous background values.

4.4 Results

4.4.1 Fitting Galaxies with Single Sérsic Component

Single Sérsic fitting is probably the most widely adopted method in the literature for morpho-
logical studies, at least in recent years. This method provides a rather straightforward and
handy way for evaluating some key morphological properties of galaxies: namely size or ef-
fective radius (R,), Sérsic index (n), and ellipticity (e). For instance, if a randomly distributed
galaxy population has a significant disk component, we expect a wide distribution of n and e.
Davari et al. 2014 and Davari et al. 2015 simulations show that single component fits of mas-
sive, bright galaxies at the redshift range of interest can be measured with little to no systematic
errors or uncertainties.

Figure 4.5 summarizes the results of single Sérsic fitting of massive galaxies within 0.5 <
z < 2.5. Red, blue, and black filled boxes show the median in each redshift bin for quiescent,
star-forming, and combined, respectively. The error bars correspond to the interquartile range
of different measurements. The gray filled diamonds show the median values for a sample from
GAMA data release 2 (Driver et al. 2009; Liske et al. 2015). The sample mass range corresponds
to our number density selection (i.e., M, = 1011 — 10113 Mg) at 0 < z < 0.5. The related
morphological parameters are derived by single Sérsic fitting, consistent with our method.

To quantify the significance of the observed evolution of different properties of galaxies,
two statistical tests are performed: two sample Kolmogorov-Smirnov test (KS) and one-way
analysis of variance (ANOVA). KS is used to test whether the star-forming and quiescent sample
quantities come from the same distribution. The KS has the advantage of making no assumption
about the distribution of data. (i.e, non-parametric.) The result of KS is summarized by two
quantities: D-value and p-value. D-value shows the maximum difference between the empirical

cumulative distribution functions of the two samples, while p-value indicates the significance
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Figure 4.5: Results of single Sérsic fitting of massive galaxies between 0.5 < z < 2.5. Top,
middle, and bottom panels show the evolution of effective radius (R,) in kiloparsec, Sérsic index
(n), and ellipticity (e), respectively. Red, blue and black filled boxes show the median in each
redshift bin for quiescent, star-forming, and combined, respectively. The error bars corresponds
to the interquartile range of different measurements. The gray filled diamond show the median
values for a sample from GAMA data release 2 with mass range corresponding to our number
density selection criteria.
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Table 4.2: Single Sérsic Fits Statistical Tests Results

ANOVA KS
Variable F-value p-value D-value p-value
(@8] 2 3 @ (5)
R, 20.39 0.00 0.28 0.00
n 9.98 0.00 0.35 0.00
e 1.66 0.18 0.15 0.14

Col. (1) Parameters measured using Single Sérsic fitting.

Col. (2) (variance of sample means at different redshift bins) / (variance of the whole sample)

Col. (3) Small p-values (< 0.05) reject the null-hypothesis that the means values are not statistically
different at different redshift bins.

Col. (4) The maximum difference between the empirical cumulative distribution functions of the
two samples.

Col. (5) Small p-values (< 0.05) reject the null-hypothesis that the two samples are drawn from the
same distribution.

of the difference between two samples. Small p-values (< 0.05) reject the null-hypothesis
that the two samples are drawn from the same distribution. ANOVA is used to determine
whether or not there are any statistically significant differences between the means of sample
quantities in our redshift bins. F-value (i.e., F statistics) and p-value summarize the results of
ANOVA, where F-value quantifies the variance between groups compared to the variance within
groups: (variance of sample means at different redshift bins) / (variance of the whole sample).
High F-values (i.e., small p-values) reject the null-hypothesis that the means values are not
statistically different at different redshift bins are not significantly different and therefore it can
be concluded that there is an evolution over the observed redshift range. Single Sérsic fits KS
and ANOVA test results are listed in Table 2.

Figure 4.5 top panel shows the significant size evolution. Based on Table 3, the size increase
is more prominent for quiescent galaxies. The quiescent galaxies have increased their sizes by
a factor of three down to z = 0.5 and more than five by z = 0. However, the amount of size
increase for both star-forming and quiescent galaxies are comparable between z = 2.5 and z =
0.5; about 2 kpc. The size-mass relation slope of massive galaxies are consistent with the value
found in van Dokkum et al. (2010) and Patel et al. (2013). In average, the size interquartile

ranges are smaller for quiescent galaxies which indicates a greater size diversity among star
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Table 4.3: Quantifying the Size Evolutions

Variable Quiescent  Star-forming Both
R, -1.75+£0.16  -1.17+0.31 -1.1940.03
ebulge -2.55+0.43  -1.61+0.17  -2.384+0.43
h -1.60+£0.07  -1.144+0.15 -1.27+0.06

The evolution of the bulge, disk, and global sizes are quantified using parameter x (14+2)*. The a
values for the star-forming, quiescent, and both classes are listed.

forming galaxies. In other words, quiescent galaxies sizes are more homogenous. Furthermore,
the star-forming galaxies at each redshift are larger than quiescent galaxies, in agreement with
previous similar studies (e.g., Zirm et al. (2007); Szomoru et al. 2011; Whitaker et al. 2011;
Patel et al. 2013; and Williams et al. 2014). Table 2 confirms that the star-forming and quiescent
galaxies have different size distributions and there is a statistically significant size evolution at
the observed redshift range.

Figure 4.5 middle panel shows how the global Sérsic indices of star-forming and quiescent
galaxies have evolved. At higher redshift, the Sérsic indices of both classes are very similar (n
A 2.5), consistent with a composite bulge+disk system. But over time, the difference becomes
more and more prominent. The Sérsic index of star-forming galaxies stays almost intact while
for quiescent galaxies, it increases significantly. At the lowest redshift bins, the median Sérsic
indices of quiescent galaxies resemble that of local elliptical galaxies (n > 4). Morishita et al.
(2014) finds that the Sérsic indices of massive quiescent galaxies have increased significantly
from 0.5 < z < 2.5 and remains almost the same for star-forming galaxies, in agreement with
our results. Patel et al. 2013 find a similar trend for massive quiescent galaxies and a less
significant increase for star-forming ones. Szomoru et al. (2011) also finds lower Sérsic indices
for galaxies with higher star formation rates. Table 2 shows that the star-forming and quiescent
galaxies have different global Sérsic index distributions and their mean values have evolved
over time.

Although it seems that the ellipticity of massive galaxies have decreased between z = 2.5
and z = 0 (Figure 4.5 bottom panel), Table 2 ANOVA p-value indicates no statistically significant

deference between their ellipticity means at different redshift bins. Furthermore, the KS p-value
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shows that the distribution of star-forming and quiescent galaxies ellipticity are statistically
indistinguishable. At higher redshift bins, both classes have a wider range of ellipticity which
can be an indicator of a disk component in these galaxies.

Table 2 ANOVA p-value for the ellipticity of massive galaxies indicates no statistically signif-
icant deference between their e means at different redshift bins. However, comparing only our
highest and lowest redshift bins shows a drop in the overal ellipticity of the massive galaxies.
The two sample one-sided t-test gives a p-value=0.05, which rejects the null-hypothesis that
the 2.0 < z < 2.5 and 0.5 < z < 1.0 galaxies ellipticity means are not statistically different.
Whitaker et al. (2011) and Patel et al. (2013) also concluded that local massive galaxies seem
rounder. The KS p-value shows that the distribution of star-forming and quiescent galaxies ellip-
ticity are statistically indistinguishable. At higher redshift bins, both classes have a wider range
of ellipticity which can be an indicator of a disk component in these galaxies. On the other
hand, the ellipticity distribution of local elliptical galaxies (i.e., GAMA results) and galaxies at

0.5 < 2 < 1.0 are almost identical.

4.4.2 Fitting Galaxies with Two Components

While single Sérsic fitting provides a reliable first order estimate of morphological properties,
decomposing a galaxy into its bulge and disk components can reveal a new set of valuable
galaxy evolution indicators. Davari et al. (2015) simulations show that B/T of high redshift
bulge+disk systems can be potentially measured accurately without imposing any constraints
on the light profile shape of the bulge. However, due to the small sizes of bulges at high
redshifts, fitted bulge properties are reliable only for galaxies with B/T > 0.2, unless the bulge
size is about one pixel or greater. The disk component, by contrast, can be measured with little
difficulty.

Figure 4.6 top panel reveals how the B/T of massive galaxies has changed between z = 2.5
and z = 0.5. At higher redshifts, the quiescent galaxies have intermediate B/T (~ 0.4) and
over time became more and more bulge-dominated. At the lowest redshift bin, these quiescent

galaxies (with B/T ~ 0.8) begin to resemble the local massive elliptical galaxies. Although,
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Table 4.4: Bulge+Disk Decomposition Statistical Tests Results

ANOVA KS
Variable F-value p-value D-value p-value

@ 2 3 4 (©)
B/T 13.36 0.00 0.49 0.00
Mputge 12.93  0.00 0.49 0.00
Maisk 6.93 0.00 0.22 0.01
ehutge 30.77  0.00 0.21 0.01
Mputge 17.92  0.00 0.24 0.00
Chulge 9.10 0.00 0.34 0.00
h 32.38 0.00 0.11 0.40
Cqisk 0.09 0.97 0.10 0.51

Col. (1) Parameters measured using Single Sérsic fitting.

Col. (2) (variance of sample means at different redshift bins) / (variance of the whole sample)

Col. (3) Small p-values (< 0.05) reject the null-hypothesis that the means values are not statistically
different at different redshift bins.

Col. (4) The maximum difference between the empirical cumulative distribution functions of the
two samples.

Col. (5) Small p-values (< 0.05) reject the null-hypothesis that the two samples are drawn from the
same distribution.

star-forming galaxies have also become more bulge-dominated, their B/T at all redshift bins
are less than that of their quiescent counterparts. Table 4 confirms that star-forming and quies-
cent galaxies have different B/T distributions. Similarly, Bruce et al. (2012) find that massive
galaxies at z > 2 are mostly disk-dominated and by 1 < z < 2 have increased their B/T to
intermediate values with very few elliptical like galaxies down to z = 1. They show that disk-
dominated galaxies have a higher SFR which translates into star-forming galaxies having a
lower B/T. Lang et al. (2014) results also show a increase in B/T between 1.5 < z < 2.5 and
0.5 < gz < 1.5 for massive galaxies.

Figure 4.6 middle and bottom panels show that while bulges of both types of galaxies have
become brighter over time, the disks of quiescent galaxies are disappearing. Meanwhile, the
star-forming galaxies disks are becoming brighter at lower redshift bins. Figure 4.6 middle
panel shows that the bulge magnitudes of quiescent galaxies have significantly smaller scatters
than star-forming galaxies. This can indicate a more homogenous formation and evolution

history of quiescent galaxies bulges. Furthermore, it can be seen that the bulges of quiescent
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Figure 4.6: Results of bulge+disk decomposition of massive galaxies between 0.5 < z < 2.5.
Top, middle, and bottom panels show the evolution of flux bulge-to-total ratio (B/T), bulge
magnitude (mp,,.), and disk magnitude (mg;1), respectively. Red, blue and black filled boxes
show the median in each redshift bin for quiescent, star-forming, and combined, respectively.
The error bars corresponds to the interquartile range of different measurements.
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galaxies, at all redshifts, are brighter than their star-forming counterparts. Table 4 shows that
bulge and disk magnitude distributions of both types of galaxies are different and have evolved
between redshift 2.5 and 0.5.

Top panel of Figure 4.7 and Table 3 reinforces the size evolution observed by single Sérsic
GALFIT models (Figure 4.5 top panel). The bulges of both classes of galaxies have grown,
and once more, this evolution is greater for quiescent galaxies. The disk scale lengths (Figure
4.7 top panel) of both star-forming and quiescent galaxies have increased, as well, but Table
4 shows that their distributions are not distinguishable. Table 3 indicates that the disk size
increase is less significant compared to the bulge component.

As shown in Figure 4.7 middle panel, the Sérsic indices of quiescent galaxies bulges have
increased considerably but stayed almost the same for star-forming massive galaxies. This is
similar to the results of single Sérsic analysis (Figure 4.5 middle panel). By redshift 0.5, bulges
of quiescent galaxies have Sérsic indices similar to the local ellipticals and classical bulges
(Fisher & Drory 2008).

Figure 4.8 bottom panel and Table 4 shows that the disk ellipticity of both classes have sim-
ilar distribution and have not changed between z = 2.5 and 0.5. On the other hand, the bulges
of massive galaxies have become rounder in this period. Quiescent galaxies have lower bulge
ellipticity and by z = 0.5, their distribution is similar to those of the local massive ellipticals

and classical bulges (Fathi & Peletier 2003).

4.5 Implications for Galaxy Evolution

4.5.1 Red Nuggets

The discovery of red nuggets has captured a lot of attention in the recent years as it requires
more critical thinking about how the local massive elliptical galaxies have formed and what
has been their evolutionary history. Observed compactness of red nuggets at z ~ 2 raised the
question of whether the massive red galaxies have indeed increased their sizes by a factor of

roughly 3 — 5 while maintaining their passive state, or have there been flaws with the size
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Figure 4.7: Results of bulge+disk decomposition of massive galaxies between 0.5 < z < 2.5.
Top, middle, and bottom panels show the evolution of bulge effective radius (Rebulge) in kilo-
parsec, bulge Sérsic (np,4.), and bulge ellipticity (ep,4.), respectively. Red, blue and black
filled boxes show the median in each redshift bin for quiescent, star-forming, and combined,
respectively. The error bars corresponds to the interquartile range of different measurements.
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Figure 4.8: Results of bulge+disk decomposition of massive galaxies between 0.5 < z < 2.5.
Top, and bottom panels show the evolution of disk scale length (h) in kiloparsec, and disk
ellipticity (e4;51), respectively. Red, blue and black filled boxes show the median in each redshift
bin for quiescent, star-forming, and combined, respectively. The error bars corresponds to the
interquartile range of different measurements.
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Figure 4.9: The inside-out growth of massive galaxies. Median light distributions of massive
quiescent and star-forming galaxies are shown in four redshift bins. While the inner few kilo-
parsecs of these galaxies has been almost intact since z & 2.5, over time more material is ac-
creted in their outskirts. Quiescent galaxies accretion continues at least down to z ~ 0.5, while
it seems that star-forming galaxies stop accreting by z ~ 1.0. The inner region of quiescent
galaxies are brighter and have a higher density.

measurement methods employed? Recent extensive simulations (Mosleh et al. 2013; Davari
et al. 2014; Davari et al. 2015), besides the consistent results of multiple independent studies
(e.g., Daddi et al. 2005; Toft et al. 2007; Trujillo et al. 2007; Buitrago et al. 2008; Cimatti
et al. 2008; Franx et al. 2008; van der Wel et al. 2008; van Dokkum et al. 2008; Damjanov
et al. 2009; Cassata et al. 2010; Newman et al. 2012; Szomoru et al. 2012), have minimized
skepticism. Figure 4.5 confirms that massive galaxies at z ~ 2 were compact and over the next
10 billion years, their sizes have increased significantly. Figure 4.9 shows that these galaxies
have grown inside-out (Patel et al. 2013; Huang et al. 2013). Figure 4.9 shows the median
light distribution of massive quiescent and star-forming galaxies in four redshift bins. While
the inner few kiloparsec of these galaxies have been almost unchanged since z ~ 2.5, over time
more and more material is accreted in their outskirts. Quiescent galaxies accretion continues
at least down to z ~ 0.5, while it seems that star-forming ones stop accreting by z ~ 1.0.

The compactness of the red massive galaxies at higher redshifts and their similarities to
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Table 4.5: Estimated Fraction of Massive Galaxies with a Prominent Stellar Disk Using Different
Diagnostics

B/T <0.5 Spiral Structures Edge-on Disks
1) (2) 3
redshift bin ~ Quiescent Star-forming Both Quiescent Star-forming Both Quiescent Star-forming Both
0.5<z<1.0 0.17£0.07 0.67£0.11 0.36%£0.07 0.05£ 0.04 0.30+£0.14 0.13+0.06 0 0.10£0.09 0.03+0.03
0.5<z<1.5 0.50+0.12 0.86+0.06 0.72+0.06 0 0.67+£0.09 0.37£0.07  0.09+£0.06 0.194+0.07 0.1440.05
1.5<z<2.0  0.64+0.09 0.90+0.04 0.81£0.05 0 0.18+0.05 0.114+0.03 0.12+0.06 0.13+0.04 0.12+0.03
2.0<2z<2.5 0.53+0.09 0.93+0.04 0.77£0.05 0 0.05£0.03 0.03+0.02 0.13+0.06 0.09+0.04 0.11+0.04

Col. (1) Massive galaxies with bulge-to-total ratios less than 0.5.
Col. (2) Massive galaxies with visually detectable spiral structures.
Col. (3) Edge-one massive galaxies with e > 0.6.

SMGs reveal the high dissipation at their early formation epochs which in turn led to the star-
burst and subsequently potential disk formation (e.g., Targett et al. 2013; Toft et al. 2014).
This raises some important questions: How have the morphology of these red massive galaxies
changed since the universe was only about 2 billion years old? Are the red nugget light distri-
butions similar to their local counterparts, or in fact, do they have more than one component;
bulge+-disk? Table 5 shows the estimated fraction of galaxies with a prominent stellar disks
using three different diagnostics: galaxies with B/T < 0.5, visually detectable spiral structures,
and edge-one galaxies with e > 0.6 (see the next section.) Table 5 confirms the presence of
prominent stellar disks among high-z massive galaxies. This further reinforces that the pro-
genitors of massive elliptical galaxies have notable different characteristics from their local
counterparts and have evolved significantly since z = 2.5. Our study traces this gradual transi-
tion. By z = 0.5, B/T of red massive galaxies is high and their stellar disk component is nearly
destroyed (Figure 4.6), their global and bulge Sérsic index is similar to a de Vaucouleurs light
profile (Figure 4.5 and Figure 4.7), and their bulge axial ratio distribution is similar to their lo-
cal counterparts. All these indicators confirm the fact that red nuggets are in fact the ancestors
of local massive ellipticals. But how are their disks destroyed? Can this be accomplished by
minor mergers alone or are major mergers required?

Another key player in the plausible evolutionary scenarios, which has captured less atten-
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tion, are the compact blue galaxies; blue nuggets. Figure 4.5 shows that, although star-forming
galaxies are larger than quiescent galaxies at each redshift bin, at high redshifts, these galaxies
are compact, as well. Studies have shown that local massive star-forming galaxies are rare (e.g.,
Baldry et al. 2012). Therefore, most of these high redshift blue nuggets have turned into red
nuggets. Figure 4.2 illustrates how over time the massive star-forming galaxies evolve into red
massive galaxies. Besides, Figure 4.6 shows that at each redshift, the B/T and bulge surface
density of quiscent galaxies are higher. Therefore, the star formation shut-off and increase in
the B/T, and global & bulge n (Figure 4.5 and 4.7) coincide. Furthermore, considering the fact
that the disks of quiescent and star-forming galaxies at each redshift bin have more or less sim-
ilar characteristics (Figure 4.8), one can conclude that the distinct evolutionary path of these
two classes can be explained by how their bulge components have evolved.

One possible explanation for the increasing fraction of quiescent galaxies, inside-out growth,
and disappearance of the disks is mergers. The tidal features and streams seen in deep imaging
of local massive quiescent galaxies support the role of mergers in their evolutionary history
(van Dokkum 2005; Tal et al. 2009; Janowiecki et al. 2010). Furthermore, the mass increase of
red galaxies after being quenched (van Dokkum et al. 2010) supports the growth via mergers.

Minor mergers are considered as the most plausible mechanism for explaining the size evo-
lution of red nuggets into local massive elliptical galaxies (e.g., Bournaud et al. 2007; Bezanson
et al. 2009; Hopkins et al. 2009; Naab et al. 2009; van Dokkum et al. 2010; Oser et al. 2012;
Hilz et al. 2013). Welker et al. (2015) show that dry minor and major mergers are significantly
more effective at increasing the sizes of massive compact galaxies. They find that dry merg-
ers (consistent with Hilz et al. 2013) produces R, x M* with a ~ 2. We find a similar a for
our quiescent massive galaxies between redshift 2.5 and 0.5, @ = -1.76 £ 0.16. However, this
value is considerably smaller for star-forming galaxies with a = -1.17 £ 0.30. Welker et al.
(2015) also show that by z & 1, more than 80% their massive galaxies (M, > 10'%°> M) have
experienced minor mergers. Hopkins et al. (2010) show that the merger rate is expected, on
average, to increase monotonically with the stellar mass, and therefore can be even higher for

our sample. Figure 4.10 demonstrates that the residuals of galaxy images after the removal

122



of the bulge+disk model, a more reliable visual inspection of disturbed morphologies and po-
tentially nearby merging objects can be achieved. Our visual inspection shows that at 0.5 <
x < 1.0, more than 60% of quiescent galaxies have nearby objects or show merger signatures
(e.g., distortion, tidal tails, and shells). At the same redshift, that fraction is about 40% for
star-forming galaxies. Merger candidate fractions for both classes are abut 30% at 1.0 < x <
1.5 and drops significantly beyond that. This drop can be caused by the surface brightness
dimming effect. While these fractions are by no means indicators of massive galaxies merger
fractions at those redshifts, it shows that at z < 1.5, mergers can play a significant role in size
and morphology evolution of these galaxies.

On the other hand, it is not clear whether minor mergers can destroy the prominent stellar
disks observed in high-z massive galaxies. Major mergers are classically considered as the main
physical driver for getting rid of the disk or the bulge formation. Hopkins et al. (2010) find that
major mergers are needed for forming galaxies with high B/T. Furthermore, Bernardi et al.
(2011) concluded that major mergers dominate the assembly history of massive early-type
galaxies based on the their scaling relations.

Although H band images of galaxies at different redshift bins capture the flux in different
rest-frame bands (i.e., V to approximately I band), comprehensive multi-wavelength studies
of local galaxies have found that B/T does not have a strong dependence on the observed
rest-frame wavelength range (e.g., Schulz et al. 2003; Graham & Worley 2008). The observed
B/T differences between different bands is not greater than 0.1. Additionally, for quiescent
galaxies less color gradient and therefore dependence of B/T on the observed rest-frame flux

is expected.
4.5.2 Further Evidence of Prominent Stellar Disks: Detection of Spiral Structures
and Thin Disks

Despite the prevalence of the spiral structures in the local universe (e.g., Lintott et al. 2011;
Willett et al. 2013), these features are not believed to be common among the star forming

galaxies at higher redshifts (e.g., Conselice et al. 2005; Bournaud & Elmegreen 2009; Conselice
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Figure 4.10: Examples of galaxies which either (potentially) experienced mergers or have
nearby neighbors, at different redshifts. Galaxies and their accompanied residual images show
that after the removal of bulge+disk model from the galaxy image, a more reliable visual in-
spection of neighboring and potentially merging objects can be achieved.

124



et al. 2011). This has been contributed to the disks being dynamically hot at higher redshifts
(Genzel et al. 2006; Law et al. 2007; Law et al. 2009).

Figure 4.11 shows how galaxy residuals of bulge+disk models can reveal the spiral struc-
tures which could be harder to detect otherwise (see also Bruce et al. (2012) Figures C1 and
C3). Table 5 shows the fraction of star-forming galaxies which contain a spiral structure that
can be detected visually. There is almost no quiescent galaxy with a visually detectable spiral
structure. A considerable fraction of star-forming galaxies at 0.5 < z < 1.5 have spiral struc-
tures (mainly spiral arms). Even about 20% of star forming galaxies at 1.5 < z < 2.0 have
this property. Spiral arms are formed in galaxies with disks that are sufficiently gravitation-
ally dominated which in turn is closely related to the Toomre parameter Q (Toomre 1964) for
stars and/or gas (see Dobbs & Baba 2014 for a review). The existence of spiral arms at higher
redshifts provides further evidence for the existence of stellar disks at those epochs.

The fraction of star-forming galaxies with spiral structures drops at the lowest redshift bin.
This drop may not be reliable for two reasons. First, the star-forming sample size at 0.5 < z <
1.0 is very small (only 10) and therefore the sample proportions are not statistically significant.
Second, the H band images of star-forming galaxies at 0.5 < z < 1.0 are missing the bluer parts
of the galaxy flux. However, considering the high fraction of galaxies with merger signatures at
0.5 < g < 1.5, at least some of this drop may be real.

Secular evolutions are believed to be triggered and maintained by bars and spiral structures
(Kormendy & Kennicutt 2004). At least after z = 1.5, secular evolutions could play a part in
the growth of the star-forming galaxies bulges. However, considering the fact that the majority
of these massive galaxies are destined to turn into local massive ellipticals, the possible secular
evolution may be in effect for only a few Gyr.

An edge-on view of galaxies can reveal another indisputable signature of prominent stellar
disks. Figure 4.12 confirms that at least a fraction of massive galaxies at higher redshifts have a
thin disk. This further confirms the existence of cold disks among the massive galaxies at higher
redshifts. Table 5 shows that the fraction of edge-on galaxies at z < 1.0 drops considerably,

while it is about 10% at other redshift bins.
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Figure 4.11: Examples of galaxies which seemingly have spiral structures, at different redshifts.
Galaxies and their accompanied residual images show that after the removal of bulge+disk
model from the galaxy image can reveal the spiral structures which could be harder to detect
otherwise.
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Figure 4.12: Examples of massive galaxies with a thin disk at different redshifts.
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The prevalence of prominent stellar disks at higher redshifts raises the possibility that some
of these bulge+disk massive galaxies may have survived in the last 10 billion years and are
present in the local universe. Wellons et al. (2015), using Ilustris (Vogelsberger et al. 2014;
Genel et al. 2014) cosmological hydrodynamical simulation, trace the evolution of 35 massive
compact galaxies from z = 2. Interestingly, they find that about 30% of their galaxies survive
undisturbed, while the rest are either have experienced the inside-out growth or have been

destroyed via major mergers.

4.6 Summary

The discovery of massive compact galaxies at high redshift, specially red nuggets, has opened a
new door for examining our understanding of galaxy formation and evolution. These massive
galaxies have major differences with their local counterparts (i.e., massive ellipticals). They
are found to be compact and possess a stellar disk, which in turn, needs to be destroyed. We
quantify the evolution of these massive galaxies between 0.5 < z < 2.5, by performing compre-
hensive morphological analysis. This includes single Sérsic fittings and bulge+disk decompo-
sitions using GALFIT. We use CANDELS images as they have high resolution, high 50 limiting
magnitudes, and coverage of the five most studied fields (COSMOS, UDS, EGS, GOODS-South
and GOODS-North). A total of about 250 massive galaxies are selected using a fixed number
density selection. UVJ color-color diagram is employed for separating the quiescent from the
star-forming galaxies. Diagnostic plots are employed to examine the goodness of the fits, which
led to more than 240 galaxies robustly modeled.

We conclude:

e The fraction of quiescent massive galaxies is higher at lower redshifts.

e Both star-forming and quiescent galaxies have increased their sizes significantly within O

< g < 2.5. The size increase has taken place via the inside-out growth.
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The global Sérsic index of quiescent galaxies has increased over time (from n & 2.5 to n

> 4), while for star-forming galaxies, it stays about the same (n ~ 2.5).

Based on their B/T, both star-forming and quiescent galaxies have a significant stellar
disk at higher redshifts. By z ~ 0.5, massive quiescent galaxies (with B/T ~ 0.8) begin
to resemble the local elliptical galaxies. Star-forming galaxies have a lower median B/T

at each redshift bin.

A considerable fraction of our sample have visually detectable spiral structures or a thin

disk, which further confirms that high-z massive galaxies have a prominent stellar disk.

While minor dry mergers are the favored candidates for explaining the inside-out growth,
major mergers are needed for destroying the stellar disk between redshift 2.5 and the

present time.

Bulges of star-forming and quiescent galaxies follow different evolutionary trajectories
while their disks evolve similarly. The size increase of quiescent galaxies bulges is more
significant and their n and axial ratios are, on average, higher than their star-forming

counterparts.
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